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PREFACE

At a meeting in June 1953 the Board of Consultants for the Soils
Division, Waterways Experiment Station (WES), approved construction of a
large triaxial compression device of the vacuum type and performance of
tests with WES soil pressure cells placed in test specimens of this
device. The triaxial device was built and the recommended tests were
made in 1954-55. However, difficulties were encountered in evaluation
of the test data and in preparation of a report on the tests, because the
test results in many cases did not seem to agree with the then commonly
used theories for soil-cell interaction. Preparation of the report was
suspended in 1957 for lack of funds and assignments with a higher pri-
ority rating. Work on the test data and the report were resumed in 1970
on an intermittent basis.

The original tests were performed and intermittent and very brief
memoranda were prepared by Mr. H, H. Ulery under direct supervision of
Mr. R. G. Ahlvin, and general supervision by Mr. W. J. Turnbull, Chief
of the Soils Division. During this period Major General (then Colonel),
A. P. Rollins was Director and Mr. J. B. Tiffany was Technical Director
of WES.

The report was prepared by Dr. M. J. Hvorslev, officially retired
but reemployed on a part-time basis. During preparation of the final
report, Mr. J. P. Sale was Chief of the Soils and Pavements Laboratory,
BG E. D. Peixotto and COL G. H. Hilt were Directors, and Mr. F. R. Brown

was Technical Director of WES.
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

U. S. customery units of measurement used in this report can be con-

verted to metric (SI) units as follows:

Multiply By To Obtain
inches 0.0254 metres
square inches 6.4516 square centimetres
cubic feet 0.02831685 cubic metres
pounds (mass) 0.4535924 kilograms
pounds (mass) per cubic foot 16.01846 kilograms per cubic metre
kips LiL8, 222 newtons
pounds (force)
per square inch 6.894757 kilopascals
degrees (angle) 0.01745329 radians
Fahrenheit degrees 5/9 Celsius or Kelvins
degrees*
i
{
I
1
3
H
4
1
4
4
|
;
1
{
* To obtain Celsius (C) temperature readings from Fahrenheit (F) read- :E
ings, use the following formula: C = (5/9)(F - 32), To obtain I,
Kelvin (K) readings, use: K = (5/9)(F - 32) + 273.15.
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THE CHANGEABLE INTERACTION BETWEEN SOILS AND FPRESSURE CELLS;
TESTS AND REVIEWS AT THE WATERWAYS EXPERIMENT STATION

PART I: DEVELOPMENT OF SOIL PRESSURE CELLS

Iantroduction

1. This report contains a long delayed account of tests with the
Waterways Experiment Station {WES) soil pressure cells and of changes in
the soil-cell interaction and the corresponding errors in the registra-
tion of the pressure cells, which often appear to be overlooked in dis-
cussions of test data and measurements., Part I of the report presents
& brief account of design and operation of the principal types of pres-
sure cells, currently asvailaeble, and of early tests on WES soil pressure
cells, which were placed in a solid-walled shallow container filled with
sand and subjected to confined compression. The results of these tests
are described in a report of 1944, which for many years was a principal
source of data on soil pressure cells. To obtain data on the ection of
rressure cells for various loading conditions, the early experiments
were supplemented in 195L4-55 by tests on WES soil pressure cells placed
in test specimens c¢f a large triaxial compression device. The test dats
did not yield fully conclusive information on the soil-cell interaction,
but some of the data are, nevertheless, significant. The evaluation of

PR

e Lest d

+

ata and preparation of & finel report vere interrupted in 1956,
because priority was given to other investigations, but the work was
resumed in 1970 es a part-time assignment. An important objective of
the investigations was to determine the validity or limitations of
theories for soil-cell interaction, and this objective governed in part
the plan of tests and the preparation of the report. Therefore, the
second part of the report is a fairly detailed review of a considerable
variety of theories for soil-cell interaction, which have been proposed
to date and are based on different simplifying assumptions. The third
and main part of the report ccntains a summary of the results obtained

in the 1954-55 tests and compariscn cf these data with the theories for
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cell action. The various types of soil preessure cells described and the
theories for soil-cell interaction discussed in the report do not con-
stitute an encyclopedic¢ review of the rapidly increasing literature on
the subject. Furthermore, papers and reports published after Janu-

ary 1971 may be mentioned but are not reviewed in the report.

Initial Developments

2. One of the earliest soil pressure cells for field use was
developed by Goldbeck (1916)* and is shown in Figure 1. The central
and active part of the relatively thick face plate is connected to
ancther plate or piston through a thin and flexible plate which acts
as a hinge and allows small axial movements of the sensitive part of the
face piate. The piston is normally supported by an insulated button in
the base plate, The button is connected t¢ the surface by an insulated
wire inside a small tube. The latter permits changing the air pressure
inside the cell. To make a measurement of the soil pressvre, the air
pressure is increased until the electrical connection between button and
piston is broken, whereupon the ajr pressure is decreased until the
electrical connection is reestablished. Difficulties were encountered
in actual field installations. Pressure on the face plate may be in-
crease”. by the counter movement regquired to break the electrical connec-
tion, which also is influenced by moisture conditions in the cell and by
deformations of the pipe and cable. In Germany a very simple pressure
cell, called a pressure ped and shown in Figure l-B, was developed
concurrently, It consists of two lerge circular plates, welded together
but & short distance apart. The interior srace was filled with oil and
connected by a tube to the soil surface and a simple gage for measuring
liquid pressures. Difficulties were encountered which are attributed to
temperature variations and deformations of the fube between the pad and
the soil surface. Another simple and frequently used pressure cell is
shown in Figure 2. 1t has an inactive rim, and the active part of the
face plate is tbhin enough to form a measuring diaphragm. Soil pressure

is correlated with strains in the diaphregm, which are measureq by
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electrical resistivity foils or unbounded gages. This type of pressure
cell may be used to advantage in fairly fine-grained and uniform suils;
however, stones in the soil may cause eccentric load concentrations and
also damage the diaphragm. These disadvantages are reduced in the
Carlson stress meter, Figure 3, and in the WES soil pressure cell, Fig-
ure 4. Both of these cells use a fairly thick face plate with a flex~
ible rim, which transfer the load to a thin layer of confined liguid and
acts on an interior measuring diaphragm; but other details of the cells
are quite different, and they were developed concurrently and indepen~
dently of each other and are used in soils, rock, and concrete. The
Carlson stress meter is described in greeter detail by Carlson (1939),
Carlson and Pirtz (1952), and also in TM 210-1, 194L, by the WES. A
revised design of the Carlson stress meter has recently been developed,

but details are not available, pending completion of trial tests.

The WES Soil Pressure Cell

General design data

3. The principal features of the original WES soil pressure cell
are shown in Figure L-A and were developed by J. 0. Osterberg during his
employment, at the WES. The cell consists of a face plate and a base
plate, both fairly heavy and welded together at the outer edge but leav-
ing a thin interspace in the central part which is filled with mercury.
A thin slot is machined in vhe
formed and the load on the face plate is transmitted to the thin mercury
layer, which acts on a thin diaphregm in the base plate. This arrange-
ment decreases the influence of a concentration and eccentricity of the
10ad on the face plate. The stresses in the diaphragm and corresponding
pressure in the mercury are determined by meens of strain gages,
cemented to the diaphragm and connected into & Wheatstone bridge. Orig-
inally the strains in the central part of the diaphragm were deter-
mined by two radial wire strain gages, aad two dummy gages »rovided
temperature compensation. This arrangement was later changed to a pair

of foil strain gages near the center and a ccrresponding pair near the
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outer edge of the diaphragm. One pair undergoes positive strains and
the other pair negative strains; this arrangement ylelds a higher degree
of resolution in comparison with the original design. Wires from the
strain geges lead to an outside cable through a radial fitting and flex~
ible tubing with a hermetic seal. Most of the soil pressure cells were
built in two sizes with diameters of 6 in.* and 12 in., both with a
thickness of 1 in. Further details may be found in WES Technical Manual
No. 210-1 of 194k and also in the paper by Woodman (1955).

L, Some difficulties have been encountered in the manufacture and
use of the WES soil pressure cells, Figure 4-A. It is not easy to
machine the peripheral slot in the face plate with adequate accuracy to
form a flexible rim of the desired thickness. The original cells were
made of stainless steel, type 416, but this steel has presented diffi-
culties in welding and has required special treatment to prevent prcgres-
sive changes in its elastic properties. Tests are currently being made
with cells of an experimental design shown in Figure L.B. The face plate
now consists of two parts, one forming an outer cover and the other an
inner plate with a slot forming the flexible rim. Welding is eliminated
in favor of screw joints and QO-rings. The material has been changed to
8 free cutting carbon-manganese steel with stable elastic properties,
end corrosion resistance is obtained by application of rust protectors.

5. The pressure cell designs in Figures 3 and 4 have in common
that the pressure on the cell is determined by calibretion with the
oil sensor. In Figure 3
forces and movements are transmitted by mechanical means whereas this
transmission is obtained by epoxy cements (Figure 4). Many octher designs
have been developed and some will be described after summarizing results
of initial tests with cells of the design shown ir Figure U~A. Pressure
cells of this design are called "Waterways Experiment Station Soil Fres~
sure Cell" when discussed in this report. An entirely different uy;: of

pressure cell utilizes calibration of the pressure on the cell) against

# A table of Tactors for converting U. S. customary units of measure-
ment to metric (SI) units is presented on page 10.
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changes in vibrations of a taut wire sensor. Pressure cells of this
type are primarily used in Europe and are not considered in this report.
6. The WES soil pressure cells are calibrated in a double dia-
phragm chamber, Figure 5-A, where air pressure can be applied to the top
and bottom surfaces of the cell but is prevented from acting on the
cylindrical surfaces and in the peripheral slot, Woodman (1955). Calibra-
tion factors obtained by this loading are slightly different from thlLose
yielded by hydrostatic air or liquid pressure on all surfaces of a cell.
Both calibration factors are needed in use of the WES soil pressure cell.
The cell reading corresponds to the sum of soil and pore pressure; the
latter is measured separately or estimated and the corresponding reading
is subtracted from the total reading to obtain the effective soil pres-
sure. As discussed later in greater detail, the inclusion effect and
the registration of a pressure cell depend not only on the field stress
normal to the cell but to some extent also on lateral field stresses.
Therefore, it is desirable, at least for each type of cell and soil, to
check the routine calibration with a test ir which the cell is embedded
in scil and subjected to inclusion effects and lateral stresses. Con-
fined compression in a chamber of stacked rings with rubber spacers,
Figure 5-B, may be used for this purpose. The sidewall friction in such
a chamber is decreased to a negligible amount. A compression chamber
formed by separated rings was first used by the Swedish Geotechnical
Institute in tests with gravel; finer grained material may enter ths
open space between the rings. Rubber. spacers between the rings was in-
troduced by Seaman (1966), who used rubber spacers cemented to the rings,
whereas the design shown in Figure 5-B was developed at the WES.
Initial investigations |
of soil-cell interaction

7. Observations by Benkelman and Lancaster (1940) show that the

soil pressures registered by a pressure cell may vary with the thickness-
diameter ratio of the cell and with the relative stiffness of cell and
soil. In an attempt to obtain more quantitative data, WES soil pressure
cells were tested in a pressure chamber with a diameter of 28 in. and a

height of 10 in. The chamber was filled with standard Ottawa sand
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and covered with a rubber membrane for trancmission of uwir preccure
above the sand. In some tests the pressure cells were placed al mid-
height in the sand and in other tests the cellc were embedded in a layer
of plaster-of-Puris below the sand. The protrusion ratio of these cells,
Hs/2B* , varied from O to 1.0; see Figure 2. “The tests are described in
WES Technical Manual No. 210-1, 19hk4. The results obtained are summa-
rized ir the following paragraphs, where 9 is the actual soil stress,
oc is the stress indicated by the pressure cell; oc/cs is called the
registration ratio and (oe/os) = (oc - os)/oS is the error ratio.

a. Changes in the stiffness of a thin pressure cell in locose
sand has little influence on the registration ratio when
the diameter-deflection ratio, D/8c , is greater than
2000, in which case registration retios of 1.C0 to 1.50
were obtained.

The registration ratio of a stiff pressure cell decreases
with decreasing thickness of the cell, but this change is
small when the diameter-thickness ratio, D/2B , is greater
than 5, in which case registration ratios of 1.00 to 1.20
were obtained.

{2

A pressure cell mounted flush with a stiff boundary or the
bottom of the ~hamber underregisters, but this underregis-
tration decreases with increasing stiffness of the cell,
ard changes ir registration are small when the diameter-
deflection ratio is greater than 1000. On the other hand,
the registration ratios decrease rapidly with decreasing
stiffness or diameter deflection ratios, D/8. , of the
cell,

o

d. The registration ratio of a pressure cell increases with
increasing protrusion of the cell from a stiff boundary.
Registration ratios of 0.90 to 1.00 were obtained with
diameter-protrusion ratios (D/Hg) = 30 or less. (The
underregistration changes to overregistration when the
protrusion ratio is large or the cell just rests on the
rigid boundary.)

8. Numerical values of test data summarized in paragraph T were
probably influenced by the shallow depth of the sand layer and the use
of a rigid test bin, but the general relationships are undoubtedly cor-

rect and are widely quoted. They also agree with relations obtained by

¥ TFor convenizance, symbols and unusual abbreviations are listed and
defined in the Notation (Appendix A).
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theories developed in later years, which may be summarized or restated
as follows:

e. The registration retio of a pressure cell in a free field
or in surface contact with a rigid boundary is greater
than 1.0 when the cell is stiffer than the soil, but this
ratio is smaller than 1.0 when the cell is more compress-
ible than the soil.

[=2

The registration ratic of a pressure cell embedded in &
rigid boundary material may be greater or smaller than
1.0 depending on the relative stiffness of soil and cell
and on the protrusion ratio of the cell, Hg/D .

c. The error ratio of a pressure cell (o, - dg)/0g , is
generally proportional to the thickness-dismeter ratio of
the cell, 2B/D .

|~

These relations and the nunerical data in paragraph 7
should be reconsidered and restated when the pressure
cell has an inactive rim and the maximum deflection occurs
in the center of the cell.

Structural action
of the WES pressure cell

8, Design, calibration, and structural action of WES pressure
cells have been the subject of several investigations, which are dis-
cussed in the report '"Summary of Earth Pressure Cell Development of
1954 ," WES Miscellaneous Paper No. 5-21. A few of these investigations
are described in the following paragraphs.

10. Modulus of deformation. The registration ratio of a given

pressure cell and soil is a function of the overall deformations of the

pressure cell, vhich are not easy to determine with sufficient eccuracy.

Small irregularities in the surfuce of the cell cause the stress-strain
diagrams to become curved, as shown in Figure 6. After grinding the
faces of a cell, « much flatter but still curved diagram is obtained,
which yields a tangent modutus of 26,700 psi at the start of the test
and 46,000 psi at the rated capacity of the cell. The final tangent
modulus of the cell before grinding is 39,500 psi whereas the modulus
computed in design of the cell is 53,200 psi, disregarding the stiffness
cf the flexible rim. However, the measured and computed moduli &t rated
cell capacity are of the same order of magnitude. The moduli for bydro-

stautic louding were not determined experimentally but obtained by
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assuming proportionality between moduli and calibration factors,

11. Carlson (1952) encountered similar difficulties in determining
the deformation moduli of his stress meters. He solved the problem by
developing an interferometer technique for measuring the change in thick-
ness of the meter while it is being subjected to all-round air pressure.
The interferometer can be observed through a window in the pressure
chamber.

12. Influence of nonuniformity of loading. It has been mentioned

elready thet the WES soil pressure cell is less sensitive to a nonuni-
formity of load elements than is a common pressure cell of the type
shown in Figure 2; that is, the registration of a given annular load
should vary relatively little with the radius of the annulus for the WES
rressure cell, whereas for the cell in Figure 2 the registration for
such loads varies from zero at the edge to a maximum in the center. The
effect of an eccentricity of the total load, or a pressure gradient
across the face of the cell may he guite different., This case was in-
vestigated in a single test in which the load was applied through a
movable knife edge on top of the solid steel cylinder, covering the face
plate of the cell. The results cbtained for an eccentricity of 1/8 in.
or a pressure gradient of 33 percent are shown in Figure 7, and the
diagram shows a decrease in cell registration varying from a maximum of
14.5 percent at low loads to a minimum of 2.5 to 7.0 percent at high
lJomrde. Dials attached to the loading block indicated tinpning of the
face plate, which may be the direct cause of underregistration. The re-
sults obtained are quite erratic, and additional tests ghouid be made
before attempting to formulate the relationship between a stress gradient
and chenge in cell registration. The influence of the radius of uniform
annular loading should also be investigated for the WES pressure cell.

13. Effect. of lateral forces on & pressure cell. An increase of

redial pressure on the cylindrical surface of the pressure cell will
cause an increase of lateral compression in the body of the cell and, by
reasor of the Poisson effect, also an increase in thickness of the pres-

sure cell and a corresponding increase in cell registration, These

changes in thickness and cell registration are very small because of
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the large modulus of deformation of the steel, and they are usually
negligible in comparison with the influence of other factors. However,
Carlson and Pirtz (1952) suggest that an increase in radial pressures mey
magnify the transverse deflection of the inner diaphragm and thereby in-
crease the registration of the stress meter. It was assumed that the
radial pressures were caused by temperature variation of a meter in
direct contact with concrete. Placing compressible material around the
cylindrical surface of the meter, and reducing the thickness of the
mercury film to one-third of its original values, caused a very material
decreese in the temperature compensation factor. These comments refer
primarjly to the pressure cell itself, but lateral pressures may cause
considerable changes in the deformations and stresses in the soil.

14. The cylindrical surface of the WES soil pressure cell is
covered with edhesive tape to prevent soil from entering the peripheral

slot. A test was made with a cell having its cylindrical surface covered

peripheral slot. The test was inconclusive possibly because it was made

in & large vacuum type triaxial specimen where changes in effective con-

fining pressures and pore pressuregs may compensate each other. It was

|
observed that pressure cells placed on edge in a triaxial specimen for E
meesurement of radial and tangential stresses had considerably smaller
registration ratios than cells four measuring axial and diagonal stresses.

15, It has been suzgested that lateral or shear forces oun the

face surfaces of a soil pressure cell may iniluence cell registration.
A single improvised test with such shear forces, made at the Waterways
Experiment Station, indicated that shear forces had very little influence
on the cell registration. Detailed cest dats are not available now, and ;
the test results were not conciusive. In summary, the influencc of ‘
radiel pressures and shear forces on a soil pressure cell has not yet

been determined conclusively by experiments. However, as will be dis-~

cussed later on, Askegeard (1963) and Bates (1969) have shown theoreti-
cally that & change in lateral earth pressure may have considerable in-

fluence on the axiesl earth pressure and on the corresponding registra-

tion of e sgo0il pressure cell.




16. Temperature corrections. The influence or . ature changes

on the output of the electrical circults can be comjensu. 1 automatically
by proper design of the bridge formed by the four sﬁ;ain gages, when all
parts of the cell body are made of the same steel. A uniform change in
temperature should not give rise to disturbing stresa changes, but the
difference between volume changes of the ccll body and the surrounding
soil may cause a slight change in cell registration. However, this does
not apply to the mercury film below the face plate, since the volume
change of mercury for a given temperature change is thirteen times as
great as that of steel. The results of an increase in temperature will
be an excess increase in volume of the mercury, which raises the face
plate and increases ithe deflections of the diaphragm by an amount which
depends on the resistance offered by the soil. The magnitude f this
difference in volume changes, and its influence on cell registration can
be reduced by using a smeller amount of mercury. Carlson and Pirtz
(1652) reduced the original thickncco of the mercury film from 0.03 in.
to 0.01 in., and the temperature correction was thereby decreased to

1l psi per degree Fahrenheit temperature change for cells embedded in
concrete,

17. The thickness of the mercury layer in WES scil pressure cells
is about 0.03 in. In the WES Miscellaneous Paper No. 5-21, 1952, it is
stated that it was desired to reduce the tempersture compensation to
0.01 percent of the full capacity of the cell for each degree Fahrenheit
temperature change. Tests on 51 scil pressure cells built before 1951
indicated that the temperature compensation for forty of these cells was
greater than the above mentioned 0.0l percent, but none was greater than
0.05 percent of the rated capacity per degree rfshrenheit. It is empha-
sized thaet the actusl temperature compensation depends on the reaction
of the so0ll 1o change in thickness of the pressure cell. It is also
stated that cells buried deep in a body of soil undergo only very small
temperature changes, and that the influence of temperature changes is
slight compared to that of variations in installation techniques.

Contact pressures and inective rims

18. Otress dietribution at soil pressure cells. Embedment of a
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pressure cell will change the stress conditions in the surrounding soil
unless the cell has the same deformation properties as the soil. The
genersl form of the stress distribution at a pressure cell which is
stiffer than the s0il is shown in Figure 8. Considerable overstress
occurs in a narrow zone near the edge of the cell, end a corresponding
understress exists in the soil outside the perimeter of the cell. Stress
conditions in the overstressed zones above and below the cell usually
cause partial failure of the soil with consequent plastic deformations
and a reduction of the peuk overstress, so that the stress distribution
is changed to that indicated by the dashed line in Figure 8. The numer-
ical values depend on the ratio of the moduli of deformation of the cell
and the soil and on the diameter-thickness ratio of the cell. TFor a
pressure cell which is more compressible than the surrounding soil,
understress occurs above and below the cell and overstress just outside
the perimeter of the cell. Theoretical investigations of the stress con-
ditionc zround o precsure ccll placed in an ideal clastic material have
been made by Monfore (1950) and were verified in experirents by Peettie
and Sparrow (1954), Figure 8. The stress distribution at a pressure
cell, which is stiffer than the so0il, is similar to that existing below
and around a stiff foundation slab, which has heen treated by many
investigators and is summarized by Terzagnhi (1943), Taylor (1948),
Terzaghi and Peck (1967).

19. The stress distributions mentioned in the foregoing paregraph
apply primarily to an ideal elastlc materisl or to purely cohesive soils.
However, it appears from experiments by Peattie and Sparrow (1954) and
from observations of the action of pressure cells that these stress dis-~
tributions also apply to other soils, including confined cohesionless
s0ils, provided the stress conditions do not approach those of general
failure. The latter which may cause a change from elastic to plastic
conditions usually changes the stress distribuition; according to Terzaghi
(1943, Figure 126-b), the stresses below a loaded plate et the surface
of a cohesionless scil at failure reach a maximum in the center and ap-
proach zero at the edges. For a plate or pressure cell below the sur-

face the stress at the periphery will probably not be zero but correspond
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to the confining pressure and to the cohesicn in soils with both friction
and cohesion components of strength, as shown by the dash-dot diagram in
Figure 8, whereas the maximum stress still occurs at the center. Such &
change in stress distribution when passing from the elastic to the plas-
tic state of the soil probably occurs gradually and would affect the
registration ratio of pressure cells for which the sensitivity varies
with the distance from the center of the diaphragm ss in Figure 2.

20. Pressure cells with an inactive rim. The stress concentra-

tions near the edge of stiff soll pressure cells caused Peattle and
Sparrow (1954) to suggest that such pressure cells should be built with
_an inactive rim, Figure 2, and that the diameter of the central and ac-
tive part should only be about hali the outside diameter of the entire
cell, Many tests have verified that the overregistretion of such a cel’
under the wsual stress conditions is much smaller than for & precsure
cell with a full active face. However, the sensitivity of pressure cell
diaphregm of the type shown in Figure 2 increases from zero at the edge
of the diafrh::.¢a to & muximum in the middle, and this type chould only
be used in s¢:.3 without stones and far enough away from woundery irregu-
larities. Furthermore, the overregistration of such a pressurce cell
would be increased when stress condlition in a friction type soil ap-
prosches that of failure, causing the stiress distribution above and
below the cell to change to the form shown by the dash-c¢or line in Fig-
ure 8. The WkS conducted tests with the standurd 6-in. WED soil pres-
gure cell, Flgure U-A, provided with & 3-in. wilde inuctive rim. 7The
reglisiration ratio of thest¢ cells was close to 100 percunt for low prin-
cipal stresu ratloc bul it rose to 153-172 percent when the stress con-
ditions in the soll wpproached the fullure conditiono, sce Tart 117,
Figure 99, These results of the WKD teuts are un experimentoel verificoa-

tion of the dlagroms suggested by Terzughd fn 2943, Figure 106-L. A

gimilur risce in registrulion rotios when spprouching feflure conditions
of the 801) wus exhibited by WES eo0ll pressure cells wlithoutl an Jnuctive
rim. 1In general, the principle of en inactive rim sinplitics the con-
struction of a soil prevsure ccll and improves the reliubility of the

reglotrution when the cell 3o used in sollo without stopes whd under
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fairly uniform stress conditions, but the possibility of n change iy
stress distribution and its effect on the cell registration when
approaching failure conditions should be borne in mind und deserves

further investigation.

Recent Types of Soil Pressure Cells

21. A great variety of soil pressure cells has been developed
over the years. In many cases the difference between such cells is in
minor mechanical details or in methods for measuring strains or deflec~
tions of diaphragms, such as bonded electrical resistance foils, non-
bonded resistance wires, or a vibrating wire. Some recently developéd
or proposed types of soil pressure cells are described briefly in the
following paragraphs, but it is again emphasized that this report pri-
marily deals with the WES soil pressure cell, shown in Figure L-a, and
with its soil-cell interaction.

WES double diaphragm
cell with inactive rim

22. The soil pressure cells shown in Figure U4 are primarily used
in larger soil structures, and smaller cells may te needed for small
models and in laboratory tests. Such cells often consist of small
commercially available pressure cells which are provided with a coliar
or inactive rim in order to obtain a more favorable diameter-thickness
ratio for the entire pressure cell. A recent WES development of small
soil pressure cells is shown in Figure 9 and is described in deteil in
a report by J. K. Ingram (1968). The active diameter of this cell is
0.75 in., and it has a diaphragm on each side so that the cell is neariy
symmetrical with respect to the midheight plane. This lightweight
collar combined with the interior void causes the unit weight of the
cell to be close to that of soil, and the cell is suitable for beth
static and dynamic experiments, provided the soil does not contain
stones and the loads on the diaphragms are fairly uniformly distributed.

G1lstzl hydraulic
soil pressure cell

23. Early German measurements of pressures below foundation were
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made with hydraulic pressure pads, called "druckkissen,” congisting of
two flexible steel plates welded together along the edges, so that Lhey
form a thin reservoir which is filled with oil and connected bLy a tube
to o pressure gage outside the foundation. However, the pressurcs men-
sured were not always reliable since they were sensitive to temperaturc
variations and pressures on the connecting tube, and the flow of o0il to
or from the outside pressure gage caused too large movements of the
plates. These disadventages heve been practically eliminated through
introduction of a diaphragm valve by G1&tzl (1958), Franz (1958), anc
others. The pressure pad is connected to the valve unit by a short pipe,
Figure 10, forming a closed system for the oil, which acts on one side
of the diaphragm in the valve, whereas the other side is supported by a
dentated plate with inflow and outflow pipes. 0il is pumped slowly into
the valve unit, and its pressure is measured by an outside gage. When
the pressure of the inflowing oil becomes a little larger than that in
the oil of the pressure pad, the diaphragm deflects a little and allows
the inflowing oil to pass to the outflow pipe, and the pressure in the
inflowing oil ceases to rise. The required movement of the diaphragm is
much smaller than that required for the Goldbeck cell, Figure 1, and the
short pipe decreases the influence of temperature changes of the o0il and
pressure on the pipe. The hydraulic diaphragm valve is available as a
separate unit, and the advertised sensitivity or accuracy is 0.15 psi.
The counterbalancing oil may be replaced By a neutral gas, which eli-
minates the influence of the outside pressure gage. The standard Gi5tzl
pressure pad, Figure 10, is 8 by 10 in. with a total thickness of 3/8 in.
and an effective thickness-diameter ratio of about 1/27; circular pres-
sure cells using the same principles of design and operation have also
been built. The small thickness-diameter ratios reduce the inclusicn
effect and ﬁhe cell error, but the thin cells are easily damaged in
coarse and stony soil, and they may then be replaced by thicker plates
with a flexible rim, similar to the Carlson or WES stiress cells.

URS - Mason soil stress cell
2h. A small and thin soil stress cell of sophisticated design is

shown in Figure 11l. It was developed by the United Research Services
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under direction of Dr. H. G. Mason. All metal parts of the cell are of
steinless steel. It consists of an inactive rim plus two cover plates
fastened to the rim by epoxy. The central space is filled with Diala
0il, and the pressure in this soil, considered equal to the soil pres-
sure, is measured by a solid state sensor supported by two silk bands.
The diameter is 1.50 in., the total thickness only 0.06 in., and the
thickness-diameter ratio is 1/2&, or about the same as for the Gl&tzl
scil stress cell. The cell can be used for both static and dynamic mea-
surements. The use of a solid state sensor increases obtainable resolu-
tion, but such sensors represent recent developments, and definite data
on their stability over long periods are not yet available. This very
thin stress cell is easily damaged, and a less delicate cell may be ob-
tained by increasing the diameter without increasing the thickness diam-
eter ratio. The stress cells shown in Figures 10 and 11 represent
opposite current limits of simplicity and sophistication in design.

The SMRL pressure
cell with bevelled rim

25. Figure 12 shows the principles of a rock and soil stress cell

developed at the Spokane Mining Research Laboratory by R. C. Bates
(1969), who analyzed the stress conditions in the cell and in the sur-
rounding material of a free field by the finite element method, Part II.
Bates found that lateral soil pressures may significantly increase the
axial soll stresses and registration of the cell, and that the influence
of the lateral soil pressures may be decreased by bevelling the outside
edge of the proposed pressures cell, Figure 12. The central and active
part of the cell forms an exposed and relative heavy diaphragm, but the
sensitivity of the cell is increased by use of solid state strain gages.¥*
The cell shown in Figure 12 has a rating of 1000 psi and is intended for

mining investigations, but the same type of cell is also built with the

*¥ BSoil pressure gages with a vibrating wire strain gage are not de-
scribed in this report; such strain gages are still commonly used in
BEurope bui rarely in the United States. It is believed at the WES
that available expoxies provide a satisfactorily strong and durable
bond between a measuring diaphragm and a foil type resistivity strain

gage.
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rated capacity of 100 psi for use in soils. More general and rigorous
mathematical investigaticns by Askegaard (1963) show that lateral pres-
sures may cause elther an increase or a decrease in the radial soil
stresses depending upon the values of the thickness-diameter ratio of
the cell and the Poisson ratio of the soil, Figure 32.

Ingtallation of Pressure Cells

26. Although improper installation of pressure cells may cause
large errors in the cell registration, only a few experimental investi-
gations of the problem have been made. Hadala (1967) recommends that
cells be placed on a planed surface of sand deposits, whereas cells in
clay should be placed in & shallow cylindrical excavation. A thin layer
of fine sand is often used to improve the uniformity of contact between
cell and soil; a thicker layer of sand is used when the soil contains
stones or rock, but the gand body mey alec cesuse pocket action, which
should be taken into consideration. As shown in this report, subjecting
the cell to a seating pressure during or after installation improves
contact between cell and scil, stebilizes soil properties, and cell
registration and errors, but it mey also cause a secondary type of
pocket action., Additional systematic experimental investigations are

needed, as mentioned in a more detailed review of the problem in Part II

of this report.




PART 1I: THECRIES OF SOIL~CELJL INTERACTION

27. This part of the report is divided into two sections, (a) a
fairly detailed presentation of the principal preoblems encountered and a
simplified analysis of the individuel problems, and (b) a review of both
simplified and more rigorous theories for soil-cell iateraction. The
results yielded by the more rigorous methods can often be obtuined dby
the simplified analysis after changing the numerical values of one or
nore coefficients, but recent investigations indicate that some of the
assumptions forming the basis for a simplified analysis may be untenable
for several stress and boundary conditions. Nevertheless, the simplified
anralysis is presented first in this report because it illustrates the in-~
fiuence of special conditions, and it facilitates visuslizaticn of the
influence of independent variubles, whereas currently avallable solutions
of more rigorous theories primarily cover basic stress and boundary con-
ditions. Questionable assumptions in the scimplified analysis will be
emphasized end explained, when possible.

Principal Problems and Simplified Analysis

Development and assumptions

28. General objectives and procedures. The general purpose of

investigations of soil-cell interaction is to obtain data for estimating
over- or under~registration of a pressure cell and for evaluation of
stress determinations in earth structures by means of scil pressure
cells. The most commonly used method fer investigating scil-cell inter-
action may be called the indentation analogy, which consists in esti-
mating the difference between soil and cell deformations or the indenta-
tion end then computing the corresponding over- or under-reglistrations
of the cell which produces the same indentetion. Carlson (1939) and
other investigators proposed the fundementals of such a procedure, which
will be discussed further in paragraphs 68-94., Simplified theories
based on the indentation analogy have been proposed, independently of
each other, by Hast (1945), Coutinho (1949) and Taylor (2945,47). The
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Taylor theory in a slightly modified form is presented in the following
paragraphs, and it has been extended to cover both uniaxial and triaxial
stresses changes. The stresses considered are those between the soil
grains or effective stresses; changes in pore water pressures are treated
separately. Initially it is assumed that the cell is placed in & free
stress field, and cells placed on or in rigid boundaries of a soil body
are discussed in later paragraphs.

29. Usuel assumptione. The following assumptions are made in

most bui not all proposed theories for soll-cell interaction:

&. The pressure cell acts as & thin disk or cylindrical in-
clusion with uniform axial compressibility but rigid in
radiul directions.

e

The influence of the radial rigidity of the cell on the
surrounding soil has only a negligible influence orn axial
s80il stresses.

¢. The influence of shear stresses on the faces of the cell
and of &ll stresses on the cylindrical surface of the
cell are negligible.

d. A change in lateral soil stresses ceuses axiel socil defor-
mations corresponding to the Poisson ratio, but it does
not directly influence axial soil stresses on the cell.

e. The simplified anulysis or indentaticn analogy considers
only soil deformations in a layer with a thickness equal
to that of the cell, and the force corresponding to the
indentation is computed by means of the Boussinesq-Prandtl
equations for the sinkage of a rigid platte at the free
801l surface.

Assumption "a" is acceptable for pressure cells with fully active face

plates, such as the Carlson and WES cells, but it is not correct for
cells with an inactive rim and an exposed measuring diephragm. It is
best to use the finite element method of annlysis for the latter type of
pressure cell. Assumption "b" appears to be accepteble except in snal-
ysis of cells placed under confining conditions. Limited tests indicate
that assumption "¢" is acceptable, but additional investigations are
desirable. Early investigations indicated thet assumption "d" could be
made ecceptable by introduction of a minor correction facter; but more
recent investigations by Askegaard and Bates show that lateral stresses

may cause appreciable changes in the axial soill stresses on a cell.
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Assumption "e" provides appreciable simplifications in equations for the
soil-cell interaction, but these equations may in some cases yleld too
small values of the error in cell registrations, because the assumptions
cause neglect of significant secondary 501l stresses and deformations,
and also because relations between stresses and deformations in the
interior of a soil mass are represented by the Mindlin equations, wherees
the Boussinesq equations apply to the effect of loads on the free sur-
face of the soil. The errors caused by the above mentioned assuwmptions
depend to a large extent on values of the Poisson ratio for the soil and
on the tuickness—diameter ratio of the pressure cell.

30. Definitions. The simplified enalyeis is actually developed

for.relatively small stress changes, which are designated Ly o rather
than by Ao Dbecause the latter is used for incremental stress changes

or parts of a totel stress change. The influence of & change in pore
water pressure, u , 18 discussed in & separate paragiraph, and the effec-
tive soil stress changes are then desigrated by o¢' =0 - u . It will

be shown that the influence of u can be taken into account by & change
in the effective modulus of cell de”ormation, Mc,. Therefore, in ali
other cases it is assumed that there is no change in pore water rressure
or ¢ = 0g' , and the prime mark indicating effective stresses is omltted
in the equations for the sske of convenience in writing and reading.

Pressure cells in a tree field

31. Uniaxial gtress changes. The r'irst or buasic theories for

soil-cell interaction were developed for the simple condition that the
only stress change is in an axial direction perpendicular to the faces
of the cell. Such simple stress changes can be obtained with cells em-~
bedded in a large triaxial test specimen, but the corresponding theories
could theoretically also be applied to tests and field conditions in
which the ratio between axial and radial stresses is constant for the
stress interval under consideration provided the soil deformation modu-
lus is determined for similar stress changes, usually by a confined com-
pression test. The basic simplified theory for action of soll pressurc
cells presented in the following paragraphs is essentially that proposed
by D. W. Taylor in 1945, )
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32. Figure 13 shows a pressure cell embedded at the dzpth H
below the soil surface or the top of a triaxial test specimen at which
depth there is no significant influence of these boundaries. With no
change in the pore pressure, u , the total and effective changes in the
vertical soll stress are equal end designated by Os , and the corre-
sponding stress change indicated by the cell is cc . The overstress

or understress of the cell 1is then
o =0 -0 (1)

and the deformation of a cell with thickness 2B is

o}

26, = 2B ﬁi (2)
where Mc is the deformation modulus of the cell in axial direction.
When the deformation modulus of the soil in the same direction is M_
the deformation of a soil layer with thickness 2B and radially bey;nd
the disturbance caused by the cell is

The difference between these deformations

[\>]
c»
1
[)h]
(4.3
M
34

is the indentation or retraction of the cell surfaces with respect to
the original planez of contact between cell and soil. Assuming symmetry
of deformations of cell and soil, each side of the cell indents or

retracts from the soil for the distance Ge s O
§ =6 -~ 4§ (L)

Introducing the cxpressions for 63 and Gc in Equations 2 and 3
yield
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Taylor (19!.5) and others now assume that Ce is similar to the indenta-
tion of & circular plate or punch into an elastic nolid under the loud
°e = ac - oB and that this also will) apply to & saturated clay and to
confined sand provided the stressn change, on » does not approach the
confining stress in the coheuionless soil or causes sirese changen aj-
proachlng those of falliure. The indentation 6° may then be exprossed
by

g

. 6y = D3~ (6)
[

where DI 1s the diameter ¢f the plate or ccll and N0 is an indoenta-
tion coeftficlent which ia a function of the deforamation charactoeristice
of the wcil. Values of N” are Alpcunged dn subseguent puragiaphi.

Combining Equations 1, %, ond 6 yiclds

and
D D b
0{— {F. L LIS ) - ?. + .l.-{.ﬁ

The registraetion ratio 1g then

D, -—NS JJ]
v B M ot
C . B . _B 6B 1)
v N M
8 b, s D, 8y
B M B M '8
¢ c

where KB = NS/M8 may be called the soill indentution ratio. Lkguation 7

is basically that proposed by Tuylor (1945), aud cquations dorived )




independently by Hast (19L45) and Coutinho (1949) can be reduced to the
same form. As indicated by Equation 7, the registration ratio increases
with increasing stiffness of the cell, Mc , and approaches a limiting

maximum value obtained for MS/MC =0, or
B
=1+K 5 (8)

that is, the limiting value of the registration ratio increases linearly
with increasing thickness-diameter ratio.

33. Values of the indentation parameters. Theoretical values of

NS and KS may be expressed by the theories of Boussinesq, assuming
that the soil acts as an elastic solid. For an infinitely rigid circu-
lar plate or punch at the soil surface, the theoretical value of the
indentation Ge for the unit load 9 is also given by Timoshenko-

Goodier (1951; p. 372)

il D2 (1 - vgz =g I 1 - (9)

where Vv 1is the Poisson ratio of ti: soil. The coefficient NS in

Equation 6 may then be expressed by

L Ms
N =772 (10)
1-wv
and the indentation ratio
N
s _Lk_ 1
Ks M o 2 (11)
S 1 -V
With v = 1/3 , Equation 11 yields
L
Ks = 5= 1.43
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which may apply to a pressure cell with heavy face plates. For pres-
sure cells with face plates which are thin enough to act 25 measuring
diaphragms, it will be of interest to compare the average deflection of
flexible face plates with the same diameter and total load but various

types of stress distribution. The following general relations apply

1 - v2 Oe
Pe,ar = % P O P (22)
S S
oeD MS
N = = > (13)
e,av. (1 - Vv7)C
N
R (1)
s (1 -»Vv5)c

The values of the coefficients C and Ks for rigid flexible plates at
the free surface of a soil body with various load distributions are
summarized in Figure 14. The data are based on equations by Boussinesqg
and the details were obtained from Hast (1945) and Timoshenko-Goodier
(1951). As shown in this figure and first noted by Hast (1945), the
distribution of the reaction stress for a given total load has relatively
little influence on the average deflection of the plate. However, the
values of these parameters decrease to unity as the depth of burial de-
creases and the pressure cell approaches the free soil surface,

Figure 29. '

34, The Poisson ratio, Vv , for soils varies greatly with the
soil type, the relative density, state of consolidation, and the stress
conditions during shear tests and triaxial tests. Dense cohesionless
soils and strongly overconsolidation cohesive soils undergo a volume
increase instead of a decrease during shear and triaxial tests, corres-
ponding to values of Vv greater than 0.5. As mentioned, most of the
early investigators determined the modulus of deformations of soils,

MS , for confined conditions, and it would seem appropriate to consider

the corresponding values of the Poisson ratio in the simplified analysis.
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For confined compression, Ox = Oy = g is the confining pressure and

3

9, " is the axial pressure. The relation batween tne coefficient of

earuvt pressure at rest, Ko ., and the Polisson ratiov Is

03 v
K == e (15-A)

l"

But the value of Ko for granular materials cap also be obtained by the

Jaky equation
K =1-sin$ (15-B)

The two egnations yield tne following relaiion tetween the angle of in--

ternal frictlion, @ , and the Pcisson ratio

v
1l - v

l-s5ing=

and numerical values shocwn in the tabular form

) 20° 25° 30° 35° 40° 35° 50°

gin 0.342 0.48 0.500 0.5Th 0.6L43 0.707 0.760
K, 0.658 0.577 0.500 0.L26€ 0.357 0.223 0.240
v 0.Lk00 0.365 0.333 .295 0.262 0.226 0.194

Many of the computations and figures were completed 19 years ago, and
the value v = 1/3 was used for convenience but only for illustrative
purposes,

35. Taylor {1945) suggests that tl.e probable value of N, is
close 10 that of MS , corresponding to Ks = 1.0 . 8uch values of
N, and K  are also used by Peattie and Sparrow (1954). However,
these investigators treat tests in a solin-~walled c¢ylindricul test bin
as a case of uniaxial compression hut they also suggest that the rodulus
of deforuation of the soil, Ms , be deteruined for the came stress
concitions or by means of a confined compression test, 1.e. & consolida-

tion test., In such a test the lateral siresses are

Lo




. - . : (15-C)

where o_ = g is the axial solil siress ectirg on the faces of the pres-

sure cell, The axial soil defqrmation is then

r
g - vwig +a)
\y o

- Z i
8y = 8, = M
s
or by use of Equation 15-C
o, 208
= - 2 o EN 16
°s 6z M 1 l =-v (16)
5
and for v = 1/3
o c
Z 2 Z .
§ =35 = T (27)
s Ms 3 J..)Ms

or an equivalent value of MS equal to 1.5 times that which would be
obtained in an unconfined or uniaxial compression tegt. This corresponds
to a value of Ks eloge to 1.5 which agrees with that gshown in Fig-
ure 1 for cases 1 end 4. Much greater values of N_ and K_ were ob-
tained in some experiments as described in the follo;ing paraéraph and
in Part III of this report. It is again emphasized that the theoretical
eguations and values of the indentetion parameters, mentioned in the
foregoing paragraphs, represent only rough approximations of the actual
ctresses and deformations.

36. Theoretical values of oc/os versus MC/MS , Equation T, are
shown in Figure 15 for various values of Ks . The lower value,
KS = 1.33 , correspondeé 1tuv a uniform stress distributioan on the cell ss
ghcwn in Caese 2 of Figure 14. The higher vali-e Ka = 3 , was obtained
from the average indicatlons ¢f WE3 pressure cells embedued in triaxial

test specimers of fairly dense sand subjected to uniaxial cyclic loading.
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Still higher valu=s of Ks were tound when the stiress conditions in the
sand approach those of failure. The registration ratio ac/o8 approaches
the limiting values, given by Equation 8, with increasing modular ratics,
Mc/MB , Whereas oc/o8 decrrnases to zero with decreasing modular ratics,
or increasing Ms/Mc . The shape of the diesgrams in Figure 15 agrees in
form with experimental data corresponding to confined compression, but

K8 is larger for dense sand. Unconfined compression or uniaxial loading
combined with & curved stress strain diagram produces great variations in
Ms and Ks as the unit load increases.

37. FError ratio, Keferring to Equation 1, the relative error or

error ratioc, oe/uB in the pressure cell indication is determined by

c
-£ .
(o}

Q IOQ

-1 (18)

8 8

A graphical diusgram of oe/os versus Mc/Ms can be cobttained from Fig-
ure 15 simply by changing the ordinate scale ss shown on the right-~hand
side of this figure. An analyticel expression for the error ratio can

be derived from Equations 7 and 18 which yleld

Q
=

—e,—_]( —_—
(8]

-~
-

\D

-

®
v [o
:Kl;!

The limiting positive valuee of oe/oB is obtained for (Ms/Mc) = 0

0C‘
P (1im) = X
8

o

5 (20)

which shows that the limiting values are proporticnal to B/D . Thie
proporticnality applies also to finite values provided Ms/Mc and B/D
are small, as shown by Peattic and Sparrow (1654).

38. Triexial stress changes., As shown in the foregoing

T ;mu&%m’“ >




paragrephs, some problems involving triaxial stress changes may be solved
by the equations for uniexial stress changes perpendicular to the pres-
gure cell, provided the soil modulus of deformation is determined for

the same direction and triaxial stress changes. However, equations
which consider arbitrary stress changes in the three principal direc~
tions, the influence of the Polsson effect, and the usual modulus of
deformation should provide solutions of mvch wider applications. Assum-
ing as before that there is no change in the pore water pressure and

that the total and effective stress changes are ox R ay » and ¢ ,

z
Equations 1, 2, and 4 still apply, and deformation of the cell is

represented by

o )
26c = 2B ﬁ; (2 bis)

but the deformation of & soil layer with thickness 2B 1is now

0 - vio +0)
Zz X v

M
8

26 = 2E (21)

With o = O. = 0. > the indentation of the cell into the soil is de-

r

Tined as before by

1D

e £ c
8
which combined with kguation 21 yields
Oe B G" OX + 0 OC
— =f .-« _ . S A — e—
N “D\M "V TH M (22)
8 8 8 c

and with Og %0, =0 KB = NB/ME . and oB =0,

8




c,('.‘ cC UZ
8 z P. + K -._S-
B 8 Mc

The limiting value cf oc/oB for large values of Mc or Ms/Mc ap-
proaching zero are similar to those given by Equation 8 or

0c B ox o
— | = — -- )-
5. (1im) = 1 + Ks > 1wV s, (24)

Equation 23 applies to measurement of vertical stresses, a s in the
usval coordinate system. For measurement of a lateral stress, for ex-
ample ox , interchange o2 and ox , and with 08 = ax Equation 23

becones

D O, * az
4+ K 1 - v AN
oc oc B Ux
-(;-—: -(;-: M (25)
8 X _D..'.K _.B_
B 8 Mt

When o is greater then 9. and oy , Equation 25 will usually yileld
values of dc/ux wihich are smaller than 1.0; se
more, the friction between the soil and the end surfaces of the cell may

=
[l

But

m

40

AL | - R S
AU . L et =

be greater than between soil and cylindricel surface for a horizontal
cell, corresponding to Equation 23 and Figure 17.
39. Examples ol applicetions. In case of earth pressure at rest

or confined virgin con3oiidation, the theoretical relation between the

Poisson ratio and the principal stress ratio is

63 ox v
-0_-:0_:1—\) (26)
1 2
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or for v =1/3, o, = 0y = 0.50z . Equations 23 and 25 then become

o 2+£K
<~ _EB__3's (27)
(o) M
Z P-;.'!( _5_
B s M
c
and for Equation 25
(]
o o D
Lt_c___B (28)
o c M
B 8 Mc

A graphical representation of Equation 27 is showm in Figure 17 for var-
ious values of Ks . It is noted that oc/oZ = 1,0 for MC/MB = 1.0
and for any value of Ks and Mc/Ms = 1.5 . This is in sgreement with
& previous statement that the apparent mosdulus of axial deformation for
confined compression is 1.5 times thal for unconfined compression when
v =1/3 . Liagrams for oc/ox in Equation 28 are shown in Figure 16,
In this case the cell stresses, oc , are smaller than ax and oy but
they approach each other for large values of the modular ratio Mc/Ms .
ko, For the rare case of uniform pressure change, o, =09, =0, ,

Y z
Equations 23 and Z5 becone

o o c o 2+K(1-2v)
L. ... _¢c_B__s (29)
o G o M
X y 2 S 2+K -2
B a M
c
and with v = 1/3
o] 2+:f)-K
<.B 38 (30)
(o] M
8 D , _8
B s M

41, Comparisons. The foregoing examples of the action of

2T
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pressure cells in case of triaxial stress changes in the scil show that
the simplified theory yields registration ratios, oc/oS , for vertical
or ncrmal stresses which decrease with increasing values of the Poisson
ratio and the lateral stiress changes, In contrast thereto, the more
rigorous investigations by Askegaard (1963) indicate that the influence
of the Poisson ratio is smallest for v = 0,3 and increases for lowver
and higher values of v , Figure 32A. The simplified theory usually
yields underregistration of cells placed to measure minor horizontal
stresses, Figure 17. Triaxial tests at the WES show only small under-
or over~registrations in the measurement of radial and tangential
stresses. Additionel data or investigations are needed, and the in-
fluence of lateral stresses on the registration of stresses normal to
tre cell should not be confined to the Poisson effect of lateral defor-
mations, as assumed in the simplified theory.

Installaetion problems

L2, Seating loud. Greail errors in presswe cell indicatiions may

be caused by improper installation of a cell. Recent and very interest-
ing research on the installation of small pressure cells of the type
snown in Figure 9 has been performed and reported vy Hedal - (1967).
Additional research and & manual on installation of soll pressure cells
in general are needed. It is practicelly impossible to install a pres-
sure cell in virgin soil without disturbing the so0il and the stress
conditions, first by excavating a hole, secondly by placing the cell and
backfilling the hole without attaining the original soil properties and
etress conditions. The difficulties are reduced but not eliminated when
the pressure cell is irstalled during construction in a fill or at the
the ccntact tetween backfill and another structure or virgin soil.
Coarse or stony soils cause additional problems which will be mentioned
later, but even in sand and finer graded soil it may be difficult to ob-~
tain good contact between cell and soil and io avoid differences in phys-~ h
ical properties of the soil close to the cell and those of the main body
of s0il, Overcompaction causes an increase in cell registretion, called b
pocket action or cover action by Taylor (1945), whereas undercompacticn

or too compressible soil has the opposite effect. Observations during
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the 1954-55 test series indicate that irregularities in scil deformations
and cell indications in the first loading cycle are decreased in subse-
quent loading cycles. It appears that a certuain seating pressure on
cell and soil cover is needed to obtain satisfactory contact and stress
conditions between cell and soil. Residual strain and stresses are
created by such a seating load and should be taken into consideration by
a new zero setting of the cell. It is possible that the residual strain
and stresses may be increased too much by repetitive lcading in tests on
soil in s solid valled container, because of the influence of sidewell
friction. Experimental date on the optimum magnitude of such a seatlng
load are not yet availuble. At this time it can only be suggested that
a moderate seating load be applied during installation of the cell, and
that a larger seating load, about equal to the enticipated maeximuvm loead,
be applied when the cell is covered by enough soil to protect it from
demage by passege of construction equipment. Proper placement and pre-
loading of cells placed on edge for measuring lateral or inclined
stresses is particularly difficult. Additional systematic investigations
of these problems are needed. Ccmments in the following paragraphs may
be of assistance in the planning of such tests.

43, Soil pocket formation. A body of soil around a pressure cell,

of limited extent and with properties different from those of the main
soil mass, may be considered as an inclusion, and the average stresses
in anch a g80il pocket. may be computed by methods similar to those for
pressure celle in a uniform soil mass. As a first approximation, it may
be assumed that the soil pocket forms a cylindrical disk with the diam-
eter Dp and the thickness 2Bp as shown in Figure 18A. Witk the
average modulus of deformation Mp , the average load on the soil pocket
may be computed by inserting Dp . Bp , and Mp in Equation 23 instead

of D, B, and Mc , which ylelds

(o) 5 Uz
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The ratio op/os increases with increasing stiffness of the soil in the

pocket or with decressing values of MS/Mp s but there is a limiting

value ot op/os corresponding to Ms/Mp =0, or

o B g +g
Elum) =1+ 2K {1 -v AL (32)
s P z

which is equivalent to Equation 24. It should be noted that M8 . Ns ,
and Ks = NS/Ms refer to the main soil mass which has not been changed
by the pocket formation. As shown in Figure 1k, N, end K_ are
fairly independent of the pressure distribution. If the pocket actually
has the shape of a c¢ylindrical disk, there should be a stress concentra-
tion at the edges and the stress in the center would then be smsller
than the average stress, cp , which would decrease the influence of a
snil pocket on the load acting on the pressure cell. The soil pocket
mey be lenticular in shape which would decrease stress variations. How-
ever, the load on the <ell would be increased when the modulus of the
cell is greater than that of the soil in the pocket, or Mc > Mp > MS s
provided the distance from the cell to the suriace of the soil pocket is
great enough to eliminate boundary effects, see Figure 29. The load on
the pressure c2l]l can now be determined by substituting op for o, in
the equations for interaction of cell and soil. As indicated by Equa-
tions 31 and 32, the overstress in a pocket of dense soil can be de-~
creased to tolerable amounts by decreasing the thickness~diameter ratio
of the soil pocket. On the other hand, a large overstress may occur and
misleading data may be obtained when the thickness-diemeter ratio of the
soil pocket is large. A pocket of loose so0il, Mp < MS s causes under-
stress and its reletive influence on the cell registration is n»t as
easily controlled as is that caused by overstress in a pocket of dense
s0il.

L), Compressible soil cover. A soil pressure cell may be placed

in a carefully excavated hole in the undisturbed soil or in compacted
fi1l, Pigure 18B, but the beckfill or soil covering the cell is often
more compressible than the surrounding soil. Taylor (1945) terms this
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condition a soil cover in contrast to a soil pocket. The action c¢f such
8 s50il cover is similar to that of a compressible backfill of limited
thickness often used to reduce the effective load on a buried pipe, Fig-
ure 18C. The compressible cover may cause the overlying denser s0il to
arch over the buried cell or pipe. When complete arching does not occur,
the effect of a compressible cover with thickness ZBw and modulus Mw
may be estimated by use of Equations 23 or 31, but the full thickness,
2Bw , should be used instead of half the thickness, Bw , because the
soil cover is bounded by the more rigid cell, similar to a pressure cell
in contact with a rigid slab or wall. The equation for the approximate
reduced pressure, ow , to be used instead of the average soil pressure

os , may then be written

ow 2B g,
= n (33)
s D ,g .=
2B s M
W W

In case the thickness of the compressible cover is small, it may be
expedient to investigate the combined effect of cover and pressure cell
by use of Equation 23 for the combined thickness 2(B + Bw) and using

an equivelent modulus, Me , determined by

1 1 1
Fr‘(B + Bw) =y B* B, (34)
e ¢ W

This equation can also be used when Mw is greater than MS and a rela-
tion similar to Equation 33 can also be derived for this condition. All
the equations are subject to the limitations of the simplified cell-soil
theory and can only yield roughly approximate results. However, the
disturbing effect of a compressible soil cover of a cell in a hole may

be much greater end more difficult to estimate than that of a soil
pocket. Installation of pressure cells in soil pockets of adequate size

is preferable to installation in close fitting holes.
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Ls. Coarse and stony soils. Barring special precauticns, in-

stailation of a pressure cell in stony solil may cause stress concentra-
tions and some changes iu the registration of Carlson, WES, Glotzl, and
similar cells but much greater changes 3n registration and pessible dam-
age may occur in the case of rells with exposed measuring diaph-agm. The
size of pressure cells to be used in direct contact with stony soils is
generelly increased, but opiniong concerning the required minimum size
vary greatly, and a systematic experimental investigation of this prob-
lem has not yet been made. It has been suggested that the diameter of

a pressure cell should be about 5 to 6 times the diameter of the largest
s0il particles and that the diameter should anot be less than 6 to 12 in.
for cells used in sand, whereas smaller cells may be wused in finer
g.ained soils., It would seem that consideration elso should be given to
the tyre or cell used; i.e. cells with a fully active face and an
interior load equalizing liquid versus cells with an inactive rim and an
exposed diaphragm. Referring to cells in sand without stones, it may
be claimea that a cell size which has yielded satisfactory results in
wodel and laburatory tests also should be adecuate for field use in the
came type of soil, Small pressure cells may possibly be used in stony
80ils provided they are placed in adequately proportioned pockets of
finer grained soils, and that the reletion of the moduli of the soils in
tne pocket and the main deposit be determined. In some cases it may
even be sufficient to remove stones from the vicinity of the pressure
cell or to pass the field soil through a sieve and use the raterial
passing the sieve in a soil pocket for the pressure cell, but the change
in the modulus of deforwation of tne scalped soil should ualsu ve
investigated.

Influence of changes in
pre:ssure of the pore fluids

46, Function of pore fluid. In deriving the foregoing equsations

iv was tacitly assumed that the soil is dry or that there is no change
in the pressure of water and/or air in the soil pores, that is, the mea-
sured stresses indicate a change in effective soil siresses which is

equal to the change in total stresses. A chenge in the pore fluid alone,
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and indications of the pressure cell which represent changss in total

without any change in the effective s0ll sireesses, may be illustrated by
g change of back pressure in triaxjal soil tests. Such n change will
not affect deformations of the soii but it will influence the deflections

stresses., Usually, chenges in pore water pressures and effective

stresses are interrelated, but the form of this relationship is often a
controversial autter and is outside the scope of this report. Changes

in pore water or air pressure can be measured quite easily and accurately
by means of a piezometer or fluid pressuve gage. The changes in effec-
tive stresses are determined by subiracting the fluid pressure changes,
measured by a piezometer, from the change in total stiresses measured by
a s0il pressure cell.

47. Basic relations. Assume that the effective chenge in soil

stressaes o, » oy s oz are concurrent with e change u in the pore
prussure. The problca s now to determine the effect of the additional
deformations of the so0il pressure cell caused by the change in pore pres-—
sure. Considering stresses and deformation in the 2z direction, or

o; =0, the deformation of the soil is that given by Equation 21

o_ - vieg + 0 )
26 = 2B —= e . A (21)

s M
3

and the deformation of the pressure cell is

ecc = 2h 5 (35)

In the case of the WEC scil pressure cell, the deflention of the cell
caused by hydrostatic liquid cr air pressure is only 80 percent to 90
percent of that for direct static loeding because liquid or cir enter-

ing the ciicumferential slot counteracts part of the loading on the face

plate, or the modulus of deformation is Mh considering only hydro-

slatic loading ot the face plate and Equation 35 would then be changed to
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cC u
26 = 2B — 4+ —
C

MC M}A

however, the same result is obtained by using Equation 35 in combination
with the effective cell diameter for liquid or air loading or the actual
outside diameter and a reduced value of u obtained by multiplying the
actual u with the ratio of the calibration factors for hydrostatic and
direct static loading. The latter method appears to be the simpler one,
and Equation 35 is used in the following derivatious. Ag before, the
indentation of the pressure cell into the soil is 6e = 68 - 6c s Or
using Equations 21 and 35

Oﬂ 2&4-0 oc+u
—_, - ____l_ -t ’
Ge = B Ms(% v oz B Mc {36)

but 6, 1is also determined by Equations 1 and 6, or

(5]

5 = EE'D (6 bis)
S

and

Q
L}

+ - + =g -
(oC u) (oS u) e~ %

which is independent of the pore water pressure, and Equatlon 6 can then

be written

o, - 9,
$g =~ — D (37)
s
which with Equation 36 yields
Oc - o8 08 ox + 0 oc +u
D N = B ﬁ-(i -V __;—~;l - B M
8 8 z c

end with K =N /M
8 s'’'s
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00 B 2 C 8
— = (38)
0 M
8 Dy -8
B 8 M,

This equation is ldentical to Equation 25 except for the last term in

the enumerator; that 1s, a change in pore pressure changes the value of

°c/°s by
Ms u
A.a-:— M (39)
8 'Q"'K g
B s M
c

Positive values of the pore pressure change, u , cauge & decrease in
overregistration end an increuse irn underregistration whereas a nega-
tive change in pore pressure has the opposite effect. Potentiai errors
are smeller for a negative than for a positive change in pore pressure.

48. Equivalent cell modulus. The influence of a change in pore

water pressure on the registration ratio for effective stresses can also
be taken into consideration and, perhaps, better visualized by intro-
ducing an equivalent cell modulus, Mé , which yields the same deform&-

tion as Equation 35 for the unit load o, that is,

g +u c
¢ = op <<
2B v = 2B M
c [
or
%
Mé N Mc G_+u (40)

The WES so0il preesure cell has the cell modulus MC for direct load-
ing on the face piate and the moduluc Mh for hydrostatic 1l¢ .ding, and

the equations are then changed to

66




and

e (41)

Istimates of Mc/Mh are usually based on the ratio of the calibration
tactors Fs/Fu . Values of a, and u &re or can be measured in the
ieid and oé =0, ~ U, but these values must be estimated in design of
pressure cells and discussicn of the reliability of intended messure-
ments. When Mé is introduced in Equation 3% and subsequent equations,
these equations become identical to those obtained for the action of
soil pressure cells for stress changes without a change in pore pressure;
that is, these equations and corresponding diagrams can be used without
further cousideration of changes in pore pressures when MB/Mc is re-
placed with Ms/Mé . This applies also to the action of pressure cells
placed at the boundaries or interfaces of soil masses. For a positive
change or increase in pore pressure, u , Mé is smaller then Mc R
which egain emphasizes the importence of making cell modulus as large
as possible and reducing the cell deformations to the minimum compatible
with the required resclution of the pressure cell.

Pressure cell action
influenced by boundaries

L9, Cells close to the free soil surface. The simplified theory

for soll)-pressure cell interaction cannot be used when the cell is
close to the frec soil surfece. Taylor (1945) stutes that the proposed
gimplified theuly is based ~n the assumption that the embedment of a
cell is large enough to permit development of a normel pressure buld
above the cell &nd cites the following examples. A pressure bulb in-
dicating stresses equal to ten percent of the unit load has a height

equal to 1.75 times the dismeter of the cell, Figure 19, whereas & pres-

sure bulb corresronding te two percent of the applied surface pressure

or1
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has u Leignt of about four cell diameters. Estimates of the varietion
of press.. cell registration as a function of the depth below the free
soil aurface are discussed in the section on trap door anslogies.

50. Terzaghi (1943, pp. 66-T76) presents a theory for the approxi-
nate pressure of sand on a long or strip-type trep door, Figure 20. He
states that effective arching in sand ceases to exist at a diatance
above the dcor equal to two to three times the width of a long door,
depending on the prouperties of the soil and the movements of the door.
McNulty (1965) performed extensive and carefully executed experiments
with circular trap doors. He concluded that a cover with a thickness
slightly less than the diameter of the door may be sufficient for devel-
opment of ective erching, and that a cover with a thickness of one to
two times the diameter of the door is adequate in most practical cases
for development of pessive arching.

51. Mason and Associates of the United Research Services (1963,
1965, 1971) investigated arching around trap doors and inclusions by
experiments, theory, and reviews. These investigatione are discussed
in the section on trap door analogies, and the results agree fairly well
with the observations of Terzeghi and McNulty as shown in Figures 30A
and 30B. The ratio of cell stress to surface load or field stress is
1.0 at the surface, and it increases or decreases exponentially with
increasing depth ratio, 2z/K , until the ultimate overregistration or
underregistration of the cell is attained. The depth at which the in-
fluence of the free souil boundary becomes unimportant varies with the
cell diemeter, the cell and soil properties, the stress level, and the
differenrtial deformations of soll and pressure cell,

52. Pressure celis at rigid boundaries., This section deels with

pressure cells flusb inserted, straddling, or Jjust in contact wich a
foundation slab or a backfilled retaining wall which can be consid-
ered rigid in comparison with the soll. The simplified tLeory c:annot
yet be-extended to cells which ere close to but not in contect with such
a boundary. To simplify derivation and comparison of basic eguutions,
it is assumed that only ihe effective stresses but not the pore pres-

sures are undergeing & change. A change in the pore water pres:ure can

69
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be taken into consideration by using a modified modulus of the pressure
cell, equivalent to the pore pressure change as expleined in para-
grephs 56 and 57.

53. To be considered is a pressure cell with diameter D and thick-
ness 2B, set in a horizontal surface of a rigid material with a protusion
HS into the soil, Figure 21, For the stress changes O, s oy » O,
of the soil, the vertical deformation GZ of a soil layer with thick-

ness Hs is

H

- - _ 5 =
62 = 63 [?z v(ox + oy) 7 and g =0, (h2)

and the deformation of the pressure cell, for its total thickness, is

o

<

8 M
c

2B (43)

The indentation or penetration of the c¢ell into the soil caused by the
stress change is

H o]
S C \
§ =68 ~6 = ]od -=vio +0 })—--—2B uh
e s c Z ( b'e ) M M (44)
s c
Acr mafrvra 14 9 acorimad +haoe A n'l:-c nen hoa avrnwaocaAd har
Fa Y g U\-Av&\.’ e W o W Al S AR N e oA A W - Nl i WP N A & N A r& ot d S VJ
e
Oe
6 =—D where ¢ =0 =0 b
e N e c s (15)
s
Equations 44 and 45 yield
o, ~ os - Hs oC
- A N D - o - \)(0 + ¢ )]~ - — 2B
N S X y'JIM M
s s c

After reduction and with Kq = No/Ms » the equation can be written as
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Equation 46 applies to pressure cells embedded in & horizontsl slab for
]
measuring vertical stresses. For pressure cells in a vertical wall and

measurement of horizontal stresses, for example ox , Equation 46 changes

to
D o T 9\ b
o, O, s\l - o, 28 Kg
s x p M
2B Mc s

54, Some examples of applications of Equations 46 and UT are
discusgsed in this paragraph. Consider first a pressure cell embedded in
a horizontel slab, Figure 21, and subjected to a uniaxial stress change

or o =0 = 0 ; Equation 46 is then reduced to

D I‘Is
% _% 'z K (18)
G g ) M
s 'z D .8,

2B Mc 8

For earth pressure at rest and v =1/3, or o= oy = oz/2 = 08/2 ,

Equation 46 becomes

H
D 2 s
% % _2*33m% (49)
o (o) M
s ‘z D, s,
2B M 8

Graphical illustrations of Equations 48 and 49 are shown in Figures 21
and 22 for D=6 in., 2B = 1 in., and Ks = 1.33. Comparison with

the corregponding equations and Figures 15 and 16 for pressure cells in

T3
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& free field shows that a pressaure cell in contact with but nct embedded
in 8 rigid horizontal slab, Hs = 2B , acts as a cell in a free field
with the double thickness, 2B = half thickness, and that the limiting
potential error ratio is twice as great as for a cell in a free field.
On the other hand, a pressure cell flush emquded, HS = 0, in a rigid
structure always underregisters, and only for the ultimate condition
(MS/'Mc = 0), is the registration ratio (cc/cs) = 1,0 . For interme-
diate conditicns it is possible to determine a value of the protrusion,
HS , which yields 100 percent registration or (oc/os) = 1.0 for given
values of the deformation moduli Mc and Ms » bul these conclusions do
not apply to pressure cells in contact with or embedded in e rigid verti-
cal wall. For such cells and stress change conditiocns for earth pres~
sure at rest or v = 1/3 and o = 0, = oz/2 » Equation 47 applies but

is reduced to

a G D_
Lo _e_ 2B (50)
0 g M
s “x D, s,
23 MC s

The conditions represented by Equation 50 are illustrated by Figure 23.
It is seen that the registration ratio is independent of the protrusion
H8 and is less than unity; that is, a pressure cell embedded in or in
contact with a rigid verticel wall, and with earth pressure at rest,
underregisters and is not influenced by protrusion ot the cell; there-
fore, such pressure cells are generally flush mounted in order to

avoid damage to a protruding edge during the backfill and compaction
operations.

55. The numerical exampies in Figures 21, 22, 23 are primarily
intended for illustration and comparison and the diagrams are computed
for the same values of NS and KS used in previous examples, whereas
the vealues of N8 and Ks increase at rigid boundaries as shown in the
special investigations by Walen (1942), Gravesen (1959-B) end Askegaard
(1959, 1961) are summarized in Figure 31. These investigations also

indicate that the use of relations based on simplifications or
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approximaiione should be confined to very small deformations of & pres-

sure cell emhedded flush with the surface of a rigid slab or wall, since

P SRS .

the area of contact between the soil and the pressure cell decreases

with increes’'ng deformation and becomes zero for a relatively small
deformation, Figure 31B.

56. Pressure cells at interface of materials with iifferent
¢ mpressibility. The foregoing paragraphs deal with the action of pres~
sure cells in a uniform free field or at the boundsry of compressible

and incompressible materiala. The more general condition of a pressure
cell at the iaterface of two different but compressible strata is dis-
cussed in the following paragraphs, primarily for the purpose of enumer-
ating the ma.ny factors to be considered rnd to demonstrate some general
relationships. Figure 24 shows a pressure cell straddling the interface
to the two strata. The modulus for deformation of the softer materials
is aesignated by Ms and the more rigid stretum by Mr ;5 further-

rore, the cell 1s oriented to measurc the vertical or major principal

stress, o, =9, . The embedments of the cell in the two stirata are HB

and L, and
r

H +H = 2B {51)

hs before, the deformation of the cell caused by the stress change o

2

corresy nding to o, in the scil, is

]
26 = M-c- 2B (2 bis)

vwhereas the corresponding deformation of soil stirecta with a total thick-

newvs ¢C and the stress change os =0, is

dx + 0 HB Hr
- ____I — - \
zcs = oz(l -V 3 Ms + Mr (52,

The sveruge change in penctration into new 30i) by the two faces of the
cell are in Equ.tion 4

(i

T Foowmas wary g s wnjupen . o 3 Sawammsa .
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BN v

§ =46 -4 (4 vis)
The overstress or understress, 9y is defined by Equation 1, or

Op = 0, = O (1 vbis)
and is the same for both faces of the cell when the friction and adhesion

on the sidewall of the cell is neglibible. Referring to Equation 6, the

total change in penetration, Ge , can also be expressed by

‘e %e 1 1
266=E—D+N—D=06D(N—+r) (53)
s r S r

Where the indentation coefficients Ns and Nr are functions of the

properties of the materials and the ratios

N

S
Mo (54)
8

&zqﬁz
u
~

are assumed to be constant, as before. Multiplying the terms in this
equation by (Ms/Nr) yields

Ns Ms Ms
—x ===z R =K — ( <
RoM - Ntk (55)
r r r
nd the modulsr ratio of two given soils is constant. EKquations 1, 2,

Introducing the modular ratio Ra » Equation 55, and rearranging yield
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o +o0
D 2B % s % {
“fn (2 Be) | =y DR W,y *RGH)

or
1 Sty
o I—'—D(l + Rs) + f1 - v - (HB + Rer)
._g_‘__ 8 z
o 1 _ 2B
s X D(1 ~ Rs) + i
8 [+4

Multiplying hy N8 and introducing KG rrom Equation 5S4 produces the

equation

g + g
-y L
o D(1 + Rs) + KS<1 v - )(H’3 + Ber)

c . z
Gs B Ms (56A)
OB ~=
D(1 + Ra) + KSLQ i
c
or the alternative form with individually dimensionless ccmponent
elemenis
D 0x M o;\ﬂs * Rer
=— (1 2 )+ -
o, 2B (1 + s) Kt - v 9, / 2B
o_'= : m (56€B)
8 D o _8
25 (1 %0 T K M

These equaticns constitute a general expression f'or the registration
ratio, Uc/os « obteined by the extended Taylor theory.

57. OSimpler forms of Equations 5€ for fefirite values of Hs s
Hr , and the modular soils ratio, R8 , are discussed in this paragraph.

For Ms = Mr or RS = 1 and with HS + Hr = 2B Equation S6R becomes

i vinabbndl
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which is identical to Equation 23 as it should be since the conditions
specified correspond to those for a pressure cell in uniform soil. For

Mr infinite or Ms/Mr = Rs =0 , Equution 56A becomes

D ox + cx Hs
o BTEN-VTS 2B
£ - z
% D,k &
2B 2] Mc

vhich is identical with Equation U6 for a pressure cell at an incompres-
sible boundary and protruding the distance Hs into the soil. The in-
Tluence of the modular ratio, R8 = Ms/Mr , on the registration ratio,
oc/os , veries with the relative values of H8 and Hr and is best
examined for symmetricel conditions or HS = Hr = B , in which cegse
Equetion S56B reduces to

D 9% * %y LR
5B (1 + RS) & Ks 1-v—= ) >

o
£
o

s

(57)

D
5 (1 +R)) + K

Zi 4R
)

[«

This equation showe thet meximu: values of oc/c8 are ovtained for

RS = 1,0 and minimum values foi Rs = 0 , which also are the limiting
velues of RS conzidering the definition of MB and Mr . A numerical
exsmple indicating possible variations of nc/aS and oe/cs for the
maximum and minimum values of Rs is shown in Figure 24. It is ascumed
that (D/2B) = 6,0 , K =1.33, v= 1/3 , and o = o, = oz/2 . The
nugerical form of Equation 57 ig then

6.L4(1 + RS)

aQl a
(]

M (58)
) qq B
6.0(1 4 Ra) +1.33 _

Values of oc/o8 as a Dmction of MC/MB are shown in Figure 24 for
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RB = 0 and Rs = 1.0 . it is seen that the s0il-scil medular ratio,
RB , has relatively little influence on oc/o8 when the cell-soil modu-
lar ratio is greater than 1.0.

58. A remaining problem concerns the placement of a pressure cell
at the interface of two different soils; that is, the values of Hs and
Hr which yield the optimum velue of oc/os . These optimum values
depend on many factors, but the following discussion is confined to the
influence of the relative value of MC with respect to Ms and Mr ’
and it does not consider possible singuiar solutions for special stress
conditions or values of o s oy » and o, As defined, Mr is the
modulus of the less compressible soil layer and is greater than Ms s
the modulus of the more compressible soil layer. Also by definitions

H +H =2B
8 Y

and introducing

H
S
g ="
T
yields

H = 2B 7 2 — (99)
1 N
Hr = 2B I—_._—; (60)

The last term in Equation 56B can then be written

H +RH n+ R
5 85T s

5B =n+1 (61)

where RS = Ms/Mr is a constant for given soilsr and n is the variable
for which the optimum value is sought.
59. When Mc is smaller than Ms the pressure cell will always

82
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underregister, and the optimum vulue of "n" is t.at which produces the
maximum value of oc/oS in Equation 56. The on.y variable on the right
side of this equation is the term shown in Equat:ion Gl, and the maximum
value of this term is obtained for n equal to {nfinite or 1l/n =0 ,
which yields

H =0 and H = 2B
T s

that is, the pressure cell should be placed entirely ir the more compres-
sible layer but in contact with the interface between the two layers.

60. For M, greater than Ms but smaller then Mr , the regis-
tration ratio oc/os mey vary from smiller then 1.0 to greater than 1.0
with chenges in Hs and Hr « The optimum values ol Hs and Hr or
of the ratio n are those which produce oc/os = 1.0 . Equstion 56B
may then be reduced to

s ox + ?y Hs + Rer
Ks71:=Ks(l‘“' a 2B

=

—

and by use of Equation 61

MS 9. + cy n + RS
ol R Ee: (62

2

from which "n" and the corresponding optimum values of Hs and Hr can
be determined; see elso Figures 21,2k

61. 1n case M, is greater than M_ , the pressure cell will
slways overregister and the optimum value of "n" is that producing the
minimum value of oc/cs in Equation S56B , or Equatiorn €1, since Hs is
swaller than one. The minimum value of the term (n + RS)/(n + 1)
occurs fur n=0 or H8 = 0 and Hr = 2B ; that is, the pressure cell
should be placed in the less compressible layer but in contact with the
interface between the two soll layers.

62. Important limitat:ons. The special case of a pressure cell
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located at the interface of two compressible but different soil strata
has not yet been treated in available publications. The foregoing dis~
cussion and mathematical an:lysis of the problem is besed on the same
assumptions as the simplified analyses of the soil-cell interaction in a

free {ield; that is, the method is a simplified indentation analogy, in

which the soil deformations are determined by simplified equations and
the indentation forces are obtained by the Boussinesq equations for a
load at a free soil surfece. The direct influence of lateral stresses
on the axial stresses is not considered. It is probable that the result-
ing explicit formulas yleld an indiceation of the form of relationships
undeyr investigation, but the numerical results may not be relisble, and
the errors in cell registretion are generally larger than those obtained
by the simplified equations and diagrams. Improved results may be ob-~
tained by multiplying thie independent coefficients in the eguatiouns,
especially Ks , With a correction factor. Such a correction factor is
not yet available or even constant, but the maximum values are indicated
by the limiting diagrams for oc/os or oe/oS in Figure 24, and the
di:'ference in ordinates of the two limiting diagrams is not large,

Th2se limiting diagrams may 81so be obtained by other and more reliable
methods of analysis, as described in the following summary of currently
available theories for soil-cell interaction. Finally, it is to be
noted that the simplfied analysis can only be applied to a pressure cell
straddling or in contact with an interface or boundary but not to cells

e short distance from such discontinuity.

Influence of extra-

J1 L Ol das v

63. Definitions. The simplified theory for the interaction of

soll und pressure cells, discussed in the foregoing paragraphs, is con-
fined to conditions of corresponding changes in gkresses, strains, or

detormations of the soil, which may be expressed by

o g
= B o8 = = B = 2}
€, =3 end 28 = 2Be =B (63)
s s
84

oW PR e o ’

s - - - A Lea wle nrea. Eiame frteas.
L N Y s stiam oo rinmi a8 sk CPAMEEE e R amA 3o o2& aERLLL -y
2w P e ~

PV



where os and es are corresponding changes of stress and straln in
the soil, and 68 is the deformation of a goll layer with thickness 2B
equal to that of the pressure cell. It should be noted that the modulus

MS here has the same numerical value as that used in determining the

indentation coefficient ard ratio, N8 and KS , as discussed in para-

graph 32. These deformations may be called stress-dependent o normsl

v o e e

deformations. However, strains and deformations may tske place without

a change in stresses and may be designated by

€. and 26 = 2Be but

se se se

without a corresponding change in soil stress or ao_ = 0 (64}
<

Such strains and deformations are ncnstress dependent or extraneous de~

Tormations, which may be caused by creep, loeding followed by unload-

ing or vice versa, shrinkege or swelling, and by temperature changes,
Carlscn (1939) and Monfore (1950). Unrestricted shrinkage or swelling

occur witl.cut a change in outside forces and total stresses. The in-

fluence of temperature changes discuss=d in this report refers only to 1

e L4

the effect of a difference in volume changes of cell and soil for a ;
given temperature change. The influence of temperature casnges on the
internel parts of a pressure cell are usuelly made nearly self compen-

sating so that they do not cance any change iu the calibration of a cell

Al AT A e w i a'

4 or the indication of the cell for a given, effective load chunge.
1 ' 64. Errors causea by extraneous deformations. The following /
o - /
enalysis ig confined to pure cxtrancous deformatvions at z3ro slress ’

G N

changes, corresponding to Equation 64. The methods end assumptions of
this simplified analysis are similar to “hose previously used for normal i
or stress-dependent deformations and are subject to the same limitations.
Referring to Equation 64, the extraneous deformatiou for a scil layer

with thickness 2B and at a strain ¢ is v

26 = 2Be
se se
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This soil deformstion causes a change in deformation, 25ce , and & cor-
responding change in stress registration, oce ,» Of the pressure cell.
Since g, = 0 , the change T is also the error in cell registration,

e ce
then

or ¢ =0 . The total change in deformation of the cell, 2cce , 18

Q

26 , = 2B ﬁg- (65
Cc '

The indentation of the scil by each side of the cell is

§ =6 = Cc = Ble e " {o6)

Accordirg to Equation 6, Ge can alsc be determined by

o ,
. _ o _€ .
§, =Dy 7 (6 vis)
8
which combined with Equation 66 yields
. 9, g
Blése "M )" 0N
c 8
or by resolving for oe
Bsse B eseNs
oe=2_+§_=5 Y (67)
oM 1rpKw
c
where KS is definec by Equation T or
Ns
I{S=:7~'
3
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The error in cell indication can then be determined by Equation 67 when

Tt
DR T i o i

the extraneous strain ese is known, but comparisons with similar equa-
tions for normal or stress-dependent deformations is facilitated by 2
intreducing &n equivalent stress, ose , which corresponds to the strain : é
€ and the current value of the modulus of deformation of the soil,

Se

M or .
s ? &

g =€ M (68)

RS

Dividing Equation 67 with Equation 69 ylelds the error ratio for extra-

+

neous deformations E 3

e S0

N
S
% _B Ms
(o] D M
se S
+ = —
1 D Ks M
} c
i
!
v »
o] .
. 1 e B 1 )
—— = = K —— i
-~ o] D s M (69)
se l + E. K _S.
D7s M
. c N
. ‘;_
3
Values of o /o as a function of M /M or M /M  are shown by b
; e’ “se s’ e ¢ s A
Y ) the upper diagram in Figure 25 for a WES soil pressure cell witn
;? o D=6.01in., 2B = 1.0 in.,and Ks = 1.33 . The error ratio varies from
r?" o gero gt M /M= 0 1o 8 waxiwwe of 0.111 ai M /M = O . Thnere is very B =
C s s o) . g
little varietion in ae/oSe when Mc is larger then Ms . As before, e
5 0 is positive when it represents an increase in cell registration and UE
.f ' compression, whereas €ce and 6se are positive when they indicate a | 3
:;r decrease in thickness of soil layers and an increase in soil compression g ¥
P

above and below the cell., Strains and stresses of opposite sign occur
in soil outside but cloge to the periphery of the cell.

65. Comparison of errors by norma). and extraneous deformaticns.

Equation 69 and the upper diagram in Figure 25 represent errors in cell [ @

871
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indications caused by extraneous deformations. Corresponding values of
the error ratio for normal or stress-dependent deformations may be

determined by Equation 19 or

1 Vs
Je. By Mo (19 bis)
o, D s 1. B « E&
D s Mc

and the relationship is shown by the lower diagram in Figure 25. The
maximum value of oe/oS oceurs at MS/Mc = 0 and is 0.111 or the same
as for oe/os . However, for MS = Mc the evrror ratio oe/os =0
whereas Oe/ose = 0,10 , and for values of MC smuller Ms there is
not only a greut numerical difference between the error ratios for
stress-dependent and extraneous deformations but these iatios and the
needed corrections are of oprosite sign. These results are important in
case normal and extraneous deformations occur at the same time; for fur-
ther discussion of this problem see paragraph 67.

66. Influerce of temperature changes. A change in temperature of
& pressure cell and the medium in which it is embedded msy affect the

indicated pressure in several ways, which may be summarized as follows:

a. A temperature change will affect the electrical con-
ductivity of wire or foil strain gages in a pressure cell,
but the connections of these gages are usually so
designed that positive and negative errors practically
compensate each other.

b. The steel or other metsls in & pressure cell has a much
greater thermal expansion or contraction than the matrix
in which the cell is emtedded. Consequently a tempera-
ture change will cause & movement of the cell with re-
spect to the surrounding medium, and the sum of the
movements of both faces of the cell may be expressed bty

26, = 23(“0 - u.s)T" (70)

where a, is the coefficient of linear thermal expansion
of the cell, o is the corresponding coefficient fo
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the surrounding material, and T° is the temperature
change. The relative movement of each face of the cell,
8se » may then be considered ﬂnd treated as an extraneous
deformation.

c. The third type of error caused by temperature changes
apply only to pressure cells in which the pressure on the
face plate is transmitted through a liquid film to an
interior measuring diaphragm, such as in the Carlson and
WES pressure cells. The volume change of the liquid, oil
or mercury, is greater than that of the cell material for
the same temperature change. Furthermore, the liquid film
is more or less laterally confined and a volume change
primarily occurs as a change in thickness of the liquid
film, which in turn causes changes in the pressure of the
liquid and in indications by the measuring diaphragm.

This influence of tcmuperature changes cannot be eliminated
completely but it can be reduced materially by making the
film as thin as is consistent with the manufacturing pro-
cess, usually between 0.01 in. and 0.03 in., and necessary
corrections can be determined during calibration and ex-
pressed by a general equation, Carlson and Pirtz (1952).

67. Mixed normal and extraneous deformations. Soil and concrete

subjected to creep or plastic flow and to cycles of loadﬁng and unload-
ing exhibit both normal and extraneous deformations. The latter are of
special importance when it is desired to determine the total stress
changes rather than those caused by the last load increment. The pres-
sure cell will indicate a stress corresponding to the stress change
since placement of the cell, but the indicated stress is subject to
errors, and the needed corrections are quite different for normal and
extraneous deformations, except when the cell-soil modular ratio,

MC/MS , is large as shown in Figure 26. Use of a single correction
equation or no corrections at all may lead to misleading results when
the modular ratio is small, especially when it is less than‘unity. In
such cases it is advisable to supplement a series of pressure cells with
a few strain meters, Carlsoa and Pirtz (1952), which may furnish data
making it possible to separate the two types of deformations and corre-
sponding corrections. Further investigations of this problem are nceded.
In general, strain meters are useful even when the cell-soil modular
ratio is large, because these meters furnish information on resigual

strains, creep, and rate of creep, which is needed for estimation of the
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ultimate deformation of earth and foundation structures.

Review of Propnsed Theories for Soil-Cell Interaction

68. The general objectives of this section are to enumerate the

most important methods for estimating the interaction of soil and pres-

sure cells, to present a brief summary of the general principles and

results which are of particular importance for discussions in this re-

Fort. Although a soil pressurc cell may be considered as an inclusion

RN 1 ¢

in soil or rock, the Jollowing comments do not include the more elaborate

theories for stresses on buried structures, except some parts which may

be uged to advantage in the analysis of the action of pressure cells.

s
.

Most theories congider the soil surrounding a pressure cell to be an

elastic material with constant properties, whereas the deformation char-

acteristics of soils usually change with the sitress.

P
3
1

/ Simplified methods

|
3
-
P

in & free stress field

;\ 69. Indentation analogies. One of the earliest and most commonly

used pressure cell theories obtain closed equations for the cell action

." C et

b enalogy with the indentation of a rigid cylinder or punch into the l

surlace of e semi-infinite, elastic body, and the simplified theory dis-

cu3lsed in this report helongs to this group of theories. The general

prir:inies of the theory have been explained in the foregoing part of

the res»ir s, but they will be summarized here to emphasize their advan-

siress disirivbution and is primarily concerned with averagc stresses and .
strains. EBjuwitions are written for deformation of the pressure cell '
under its reg.stered loed and for a soil layer under the nominal field

tages and limitations., The method bypasses determination of the actual

= stress loed and heving a thickness equal to that of the cell. The dif-
. ference between these deformations is the indentetion or retraction of
the two faces of the cell with respect to the soil. The force corre-
apondfng to this positive or negative indentetion is then to be esti-
mated by meuns of the Boussiresq eguuation for the indentation of the

surface of an elastic hody by & smooth and rigid cylinder, and this

(]
[

[\
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equation together with the deformation equations mclie it possible to
solve the problem. This method has been used by Taylor (1945), Nils Hast
(1945), Coutinho (1949), Peattie and Sparrow (1954), and others. The
analysis is simplified and deals primarily with stresses and strains nor-
mal to the pressure cell although the Poisson affects of known lateral
strains are coansidered in this report, directly or indirectly. The nu-
merical results may be in need or appreciable correction ractors, but

the method is very flexible and yields a logical explsnation of tae cell
action plus relative relationships for conditions not yet covered by
rigorous analysis, which are very helpful in the planning of further an-
alytical or experimental research.

70. Limitations - Boussinesg wersus Mindlin equations. The prin-

cipal causes of numerical errors in results obtained by the indentation

ansalogy are

a. Simplifications in computing stresses and deformations
of 801l close to the rim of the pressure cell.

b. The influence of lateral stresces in the 501l are only
indirectly taken into consideratiocn by the Poisson effect
of lateral streises on axial strain.

¢. A major source of error occurs when translating soil-cell
differential deformations into stress or force by analogy
with a rigid disk at the soil surface. The indentations
later are determined by the Boussinesg equations, but
these equations are not valid in the interior of e soil
mass, where the Mindlin equations should we used. The
reletions between stress and indenta+ion of a rigid disk
in the interior of a soil muss have not yet been deter-
mined, but comparisons of Boussinesq and Mindlin equa-
tions to an interior point load by Cedde: (1966) are
shown in Figure 26 and give an indication of the magni-
tude of errors which may be caused by use of the
Boussinesq instead of the Mindlin equations. The diagrams
in Figure 26 apply only to pointe directly below a point
load. The error decreases with radianl distance, and a
reversal must ultimately occur, so that an integration
of stresses on a horizontal plene will yield the total
force P.

[=]

Nonlinear streses-strain relations, hysteiresis, and resid~
ual stresses and strains may affect tote ' registrations
of a pressure cell but the influence of vhece factors

are small for incremental registretion ratios. The re-
marks about the Boussinesq versu3 Mindl:in eguations apply
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not only to the indentation analocgy but whenever the
Boussinesq equations for stresses and deformations caused
by forces on the soil surface are appiied to forces in
the interior of a soil mass.

T1l. Use of finite annular elements. The following comments apply

only to pressure cells in a free field, whereas cells at or in a rigid
boundary will be discussed later. It is assumed that a plane through
the midheight of the cell remains plane in both cell and soil during

and after a load change, and the normal stress on a series of annular
elements is altered until this requirement is fulfilled. Only normal
clresses on the annuli are considered, and they are computed by means of
the Boussinesq equations. This leads to a series of simultaneous equa~
tions which can be solved by various methods, and the resulting loads of
the elements indicate the stress distribution on the ecell and errors in
its registration. The solution of the simultaneous equations can be
facilitated by use of a computer, and is similar in principle to that
used in the finite element method of analysis. In the two examples dis-
cussed in the following paragraphs the pressure cells are assumed to be
inciusions with uniform, elastic properties, but the method czn te ex-
tended to a pressure cell witli an inactive rim and an active diaphragm
or cell when the finite element method of analysis is used.

72. In an unpublished thesis, Carlson (1939) used the method of
finite annular elements for analysis of the response of a pressure cell.
Results of subsequent refinements of the original analysis are presented
in a paper by Carlson and Pirtz (1952), but this paper does not contain
all the details of the computations. However, the paper is extended to
cover the influence of extraneous soil deformations and temperature
changes. Carlson and Pirtz (1952) also suggest that lateral or radial
stresses in some cases also may have considerable influence on the cell
registration of axial stresses. The simultaneous equations are solved
by trial and error, similar to-the method used in the trial load anal-
¥sis of arch dams. The results are in good agreement with both the
original analysis and later solutions by others using the same or more
systematic methods. Monfore (1950) has performed a detailed and very

efficient analysis of the influence of a pressure cell, considecrcd as o
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uniform inclusion, on the pressures in the surrounding soil. The method
of annular rings was used, and the task was facilitated by preparing
tables of terms or ratios in the simultaneous equations which ere in-
dependent of the properties of the materials, and solving the equations
by systematic divisions. An easier solution could be obtained by use of
matrixes and electronic ccmputers, but they were not available when the
paper was prepared. The intluence of the diameter-thickness ratio of

the cell, and of the cell-soil modular ratios, Mc/Ms , were determined
and are shown graphically. Extraneous deformations of the soil and
temperature changes in cell and soil were also considered. All the re~
sults are in general agreement with those yielded by rreviously mentioned
methods. Numerical results were obtained for a uniform inclusion with a
diameter of 2.5 inches and embedded in concrete., The value of Poisson's
ratio was assumed to be v = 3.2 for concrete, and minor variations are
not impcrtant since this ratio appears only in the term (1 - v2) A
special an: lysis was made for a pressure cell with the dimensiors of
the Carlson pressure cell, aand the result of the analysis by Carlson

was verified.

73. Influence of an inactive rim. Monfore (1950) noted tnat the

error in pressure cell registration would be reduced from 9.0 percent o
£.0 percent when only the stresses on the central part of the entire
cell sre considered. This theoretical result was later verified by
Peattie and Sparrow (195k), who investigated the influence ¢f an inac-
tive rim of cells in various types of soils. The experiments vere made
with scil and cells in a solid-walled container. The soil was subjected
to surface loading, and corrections were made for the influence of side-
wall friction. A special cell was built which makes it possible to
change the active area, Figure 27A. The authors suggest that the active
area of & pressure cell should be between 0.25 and 0.45 times the total
ares of the cell. Peattie and Sparrow also suggest that the modular
ratio, MC/Ms , should not be less then ten, in which case the simple
equation OC/Os = Ca(B/D) may be used. The results of tests with cells
with an inactive rim and with a full active face are compared in Fig-

are 27A. The msximum error in registrations of cells with a full active
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face was found to be W7 percent for cells in dense sand. The average

error in registrations of cells with an inaective rim was consistently

BT 2
. .

smaller than the error for cells with a full active face, irrespective
of the type of soil in which the cells were embedded. However, tests at
the Waterways experiment Station with cells in sand indicated that the
registrations of cells with an inesctive rim approach those of cells with

a full active face when the stress conditicns in the surrounding soil

PNV IR e S e

approach thcse of failure; see Part III of this report, Figures $5-97.

~

e

Experimentel data shown in Figure 27B show that the stress ratio oc/oci

is @ linesr function of the thickness-diameter ratio, B/D.

—

Trapdoor analogies

e

T4, The Terzaghi analysis. In the tiapdoor analogy the force

corresponding to a differential deformation of soil and pressure cell is
estimated by comparison with the forces on a yielding or advancing
trapdoor at the bcttom of a soil-filled bin. Many papers on the trap-

doo. problem have been published over the years; the analysis presented

'r"" Rt o E g
’ \"“‘.——-—-. o —

v ergghi (1936, 1943) is illustrated in Figure 20. Active or passive

I

ar..ing ocecurs in the soil over the trapdoor, but the arching does not

alfect the scil beyond a critical distance or cover Z] and the weight

. -

o1 soil above this depth merely increases the effective surface load,
Figure 20. Terzaghi has anslyzed the forces acting on & long rectangu-

lar or strip-type trapdoor, to or below the critical depth 2z, , and

1
he simplified the problem by replacing some curved ana inclined failure
surfaces with plane and vertical surfaces. This ennlysis yielded the

following equation for the force, ov , acting on & yielding trapdoor

Lognih e e o SSEis et Biiie S o Lot

P
R,

and corresponding to active soll pressure over the doos

BII - gc[B2| [1 _ e-K tan @ (z/B)] + qe-K tan P (z/B) (718)

v _ Ktan @

where 2z is the depth of so0il above the door and K 1is the coefficient

of earth pressure. The value of 2z wused in this cquation should not be L
1
greater than Zl . In sand or sandy soils it is generally adequate to g%
consider only the effect of the surface load, which yields , ]
"y
It
98 5
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. qe-K tan @ (z/B) (T1B)

The corresponding equation for an advancing door and passive carth pres-

sure is

o, = qe+K tan 9§ (z/B) (11€)

The equations furnish limiting values of a, for a depth or cover =z ,

smaller than zl . The movements, ¢ , of the door do not enter into

these equations, and it is tacitly assumed that the movements are large

enough to mobilize the peak soil strength. Terzaghi (1943) states that

smaller movements of the door produces smeller pressures on the door,

I O Y
.

but a possible relation between & and o, is not suggested. Terzaghi
(1943) found that the critical depth, 2, s

yielding door and active earth pressure. Terzaghi states that the rela-

is between 2D and 3D for a

tive merit of proposed trupdoor theories, including the theory presented

e '~rrwmw—-r
" ‘ .

by him, is still unknown - in 19L3.

v

75. FExneriments by McNulty. tensive and carefully executed

experiments with circular trapdoors were performed by McNulty (1965) at

" g

the WES. In addition, reviews are presented of initial investigations
of the trapdoor problem by Terzaghi (1936-1943) and of recent publica-
iions on the more general problem of soil-structure interaction by

Spangier (1948). The McNulty experiments were made with two diameters

of the trapdoor, 3 aend 6 in., placed at the bottom of a test bin with

2
A

a diameter of 46,75 in. Two types of medium grained sand were used,

Il
e e

placed at average unit weights of 100 and 106 pel, corresponding to

relative densities of T¢ and 76 percent, which were obtained by means of
a mechanical spreader and fine® vibration. The depth of the sand varied
for individual tests but did not exceed twice the diameter of the trap-
door used in the test. Results of tests for varicus depths of sand in
the bin are shown in Figure 28A, where gq is the surface pressure and
o, is the unit pressure on the trap door. Diagrams for active and
passive pressures are quite different but have a common tangent for zero

movement of the door. Data for very small movements of the door are

99
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shown in enlarged scale in Figure 28B, which shows that nearly linear
relations exist to a movement of about 0,0002 times the diameter of the
trapdoor. As pointed out by McNulty, such a small movement may change
the pressure on the trapdoor by about 50 percent. Experiments with cir-
cular trapdoors form excellent models for the action of pressure cells
placed flush with the surface of a rigid boundary for the soil. However,
the reliability of trapdoor experiments as models for the action of pres-
sure cells in a free stress field is still open to question, because
lateral movements of soil near & trapdoor are hindered by friction be-
tween the soil and the rigid boundary. Notations used by Terzaghi,
McHNulty, Mason, and other authors are quite different in some instances
which may cause misunderstandings. Therefore, the notation in figures
and equations by these authors have been changed when they are used or
quoted in this report. .

76. In the theoretical evaluation of the test data, McNulty
considers first elastic conditions for the nearly lineur part of the
lcad~-deflection diagrams, Figure 28B. Here the Boussinesq equations
should ernly. One form of these equetions is reported by Timoshenko-

Goodier (1951) and is shown in Equation‘Q of this report, that is

S
This equation may be used to estimate the slopes of the initial parts
of diagrams Tor both active and passive pressures or, conversely, to
compute the moduli of soil deformation when 6v and ov are known.
The ultimate values of o, are in the plastic region and may be deter-
mined by the Terzaghi Equations Tla, b, ¢ when they are transformed from
a strip-type to & circular trapdoor. fTnis transformation yields, con-

sidering only uniform surface loads,

le:QK tan @ (H/R) (72)
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which agrees fairly wcll with test data for active pressures, excluding
small values of (H/R). For passive pressures McNulty adopts the rigid

body approach, in which & soil cylinder above the trapdcor is assumed to
be rigid and subjected only to sidewall friction on the cylindrical sur-

face, 2mRH ° q * K » tan § , which yields the equation

o, = q[i - 2K tan § (H/R)] (73)
this agrees fairly well with passive pressures for (H/R) greaier than 2.
These equations apply to initial and ultimate values of c, and Gv .
Mz2Nulty suggests a semi-empirical method for determination of o, cc-'-
responding to intermediate values of 6v or (GV/D) , using experi-
mentally determined diagrams for (Gv,ov) in combination with a secant
anal;3is. Approximate analytical solutions have heen suggested by
Mason (1965), which are discussed in the following paragraphs. More
rigorous mathematical solutions have been developed by Askegasrd (1959)
and Gravesea (1959); see psragraphs 84 snd 85.

T7. Investigations by Mason and Associates. Trapdoor experiments

and the thenry by Terzaghi (1936, 1943) constituvte an excellent model
of the actions of a soil pressure cell placeda flush with the surrace of
a rigid boundary. A rigid boundary restricts lateral movements of the
soil, but the Terraghi trapdoor theory does not consider the influence
of lateral soll stresses and strains. This applies also to the theory
proposed by Mason and Associates {1965) of the United Research Services
for determination of the approximate axial stresses on a pressure cell
in a free stress field. The prcblem is illustrated in Figure 29, where
z. corresponds to-the critical depth of soil cover over a trapdoor.

Diformations and 3tresses of soil at distances greater than zl above
or below the cell are not affected by the presence of the cell. With a
uniform stress 9 in the free s0il or a uniform lcad o at the
critical distances, the theory considers only the uaverage siress

0, =0, % o, within a soil cylinder above and below the cell, which may
e expressed by an eguetion similar to that for a trapdoor, Equation T2,

or
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E£'= ot 2K tan g (2/R) (74)
c
At the critical distance, 2, » the stress is oy » but it is o, at

the cell, which yields the following relation between =z, and (oc/os)

R oc ‘
%1 " K tan 8 (35 (75)
Integration of soil deformations from the critical distances to the cen-
terline of the cell ylelds the following equations for differential
settlements, zorresponding to the indentation used in the simplified

theory; for passive pressure,

6e 9 % %
R "M -2Xtanplo ~ 2 15 (76e)
8 , 8 a
end for active pressure,
6e O % 9%
‘ﬁ—-gMB-ZKte.nﬁ(ln.(Z-l."B: (76v)

The integrations also yield the following relations between the stress

ratio (o /a ) . and the modnular ratio (‘MB'IM ) . for passive pressure
e’ ¢ I I

..... A . > - S

M 1 - (» ) ~(‘) 2K tan @
M—s = (77e)
¢ )( )21{ tan P

and for ective pressures




1

T o

c BY_ e\ oy ¢
(R)(?s) 2K tan @

Similar equetions were also derived for nonlinear stress-strain relations

: g g
y In (f) -1+ (—55) + (—g—) « 2K tan @
2 < P (77p)

represented by the equation

s é/3 3/2
€, = (ﬁ;) or o = Me (7€)
in some cases the nonlinear stress-strain relationship ylelds better
egreement between theory end experimental data.

78. 1In initilal experiments by United Research Services small test
budies were placed in much larger triaxial test specimens. The results
of trese tests plus theoretical considerations yield the general diagrems
sbovm in Figure 30A. Active stresses decrease and passive siresses in-
crease with increasing depth below the free soil surface until a criti-
cal depth is reached, whereupon the stresses remain constent with addi-
tional lncreases in depth. In Figure 30A the full drawn diagrams
represent origiuel theoretical relations and the deshed diegrems
2xperimertal duta. The experiments indicated a more gradusl transition
to constent valuez of (oc/og) . Additionsl experimental date indicated
that the criticel depths und ihe uitimate values of ihe siress ratlo,
(OC/OB) also increase with increasing deformution ratios (éc/R) .
Figure 30B, More cvetailed comparisons of the theory with the experi-
mentul trapdoor experiments by McNulty (1965) are shown in Figures 31
and 32. Jn general, good agreement exists for small deformation ratios
(be/P) and 1n some cases also for larger deformations in combination
with the larger depth of cover. Filgure 32A shows that apparent agree-
ment. to & large extent depends on the soll purameters inserted in the
theoreticul egustions. 11 may be nouiced that the theory by Mason and
Associates 8l8o can yield diagrems of the same form ag those shown in

Figure 28. A leter report by United Rescerch Services, prepared by
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Walter-Kriebel~Kaplan (1971) but not Mason, descrites the design and
evalustion of the URS free field stress geuge, shown in Figure 1l of
this report. A similar pressure cell was developed and used by
Askegaard (1963), Figure 35b. The 1971 URS report presents the follow-
ing simplification of Equation TTa

(79)

which may be used for small differential deformations, Ge = Gs - Gc ,
hbut it yields diagrams of greater curvature and departure from linear
relations than Equetion T7Ta. The simplified Equation 79 indicates that
the error or overstress is a functicn of the square rcot of (B/R) ,
whereas the original simplfied theory shows that (oe/os) is a linear
function of (B/R) , and this result was also found in many experiments
by Pecattie and Sparrow (1954) with bLoth saunds and clays, Figure 27b.
Furthermor¢, a rigorous mathematical analysis of the siresses at and in
a rigid ellipsoidel inclusion in an elastic matrix yields a nearly linear
relation between stresses in the matrix and in the inclusion, Fig-

ure 35c, Askegaard (1963). The 1971 URS report presents results of tests
with the Mason-URS stress gage in reconstituted and consolidated ciays,
&nd the agreement between the test results anc the theory is gener-
ally satisfactory. However, the test data and Equations T7-T79 do not
agree well with published experiments by Peattie and Sparrow (1954),
WES (this repcrt), and others, especially when considering that the
experiments were performed with stress gages having & much greater
thickness~diameter ratio than the Mason-URS gage. The 1971 URS report
will not be reviewed in greater detail, because it was published after
the official cutoff date for publications to be considered in this
report, and because of the above mentioned areas of disagreement, which
will require considerable clarification of the test deta to permit a
reliable comparison., However, the URS-Mason theory is an improvement
or several other proposed and approximate solutions of the problem. It

should be noted that the registration ratio, oc/oS , is not determined

111




by indentations and the Boussinesq equations but by progressive solution
of the equations by Mason and associates, summarized in this section.
Special problems at rigid boundaries

79. Objectives and definitions. The action of pressure cells

built into a rigid wall or slabd has been analyzed by several investiga-
tors, using the indentation analogy, the trapdoor analogy, finite annu-
lar elements, or more rigorous mathemstical methods. The principal

papers or methods are summarized in the follcwing paragraphs. Compari-
sons are in some cases facilltated by expressing the Boussinesq inden-

tation equation for a flat and rigid punch

L 1 v2
- — I -
Ge O T D m {9 bis)
]
in terms of the total differential load on the cell
= T2
Pe Tk D 6e
which yields
P 2
_ el = v_
ae =3 T {80a)
s
and inversely
GeDMS
P = —m——r (80b)
e 2
1 =wv

where Ge is uniform for the entire area of a rigid punch. These equa-
tions apply to the free surface of a semi-infinite elagtic body. Correc-
tion factors must be added when the equations are used for the indenta-
tion of an elastic boundary within a compressible matrix.

80. Swedish pressure cell. Kallstenius and Bergau (1956) report

on the development of a soil pressure cell feor use in rigid walls, Fig-

ure 33. The face of the cell is fully active and rather heavy su that
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it will not be damaged by coarse backfill. The interior of the cell is
filled with oil, and its pressure is measured by an outside manometer,
whicli is a part of a closed hydraulic system. The amount of o0il in the
system, and the influence of temperature changes, is reduced by annular
plate inserts, The faces of the cell move in prcportion to the pressure
changes and the flow of oil to the manometer. The measured pressures
and deflections were compared to those corresponding to the Boussinesq
indentation equations (7 and 80), which indicated that it was necessary
t0o use a correction factor of 1.7 or & soil modulus of 1.7 times M_ o,
and even then some underregistration was encountered. Deviations w;re
attributed to the influence of several factors, primarily the boundary
conditions and the small size of the test bin. It should be noted that
calibration factor for soil will not be the same as for water or air,
since the latter may enter the peripheral slots in the cell.

61. Spherical surface cavity. Walén (1942) has developed theoret-

ical expressions for stresses in a compressible elastic material which
is forced inio a spnerical surface depressicn or cavity in a more rigid
material. The original paper by Walén was not available to the writer,
and the folliowing comnents are based on quotations and references in
other papers. According to Askegaard (1959), Walén found that the pres-
sure on the walls of a shallow spherical surface cavity are those shown

in Figure 3ka, or

2
P =2p ~.2sp—2— (81)
i 3

Kallstenius and Bergau (1956) state that Walén also found t'.at contact
between the bottom of the cavity and the compressible elastic material

is discontinued when

) >-% o p iV (82)

Cessation of contact at the bottom does not necessarily indicate that
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P, in Equation 81 is zero. In these equations 6, is the maximum depth
of the cavity. The equations could also be rewritten in terms of the
average depth for comparison with the Boussinesq indentation equation,
but it is also stated by Askegaard (1959), that the Boussinesq equations
are not valid at a rigid boundary.

82. Hole in rigid wall. Gravesen (1959-B) has developed equa-

tions for stresses and deformations in an elastic material bounded by a
rigid wall with a circular hole. Actually, the problem was converted
into the inverse problem of stresses and deformations in the elastic
material loaded in succession with & single force, a circular line load,
and finally a uniform load on a circular area with a diameter egual to
that of the hole. With a smooth rigid wall or en interface which does
not exert any restrictions on lateral movemen*s, Gravesen found that
the maximum deflection of the elastic material into the hole, Fig-

ure 34b, mey be expressed by

-

O D

2
§ = “35 2(1 - v°) (83)

On the other hand, when the rigid wall is rough, and lateral movement of
the elastic material is completely restricted, the maximum deformation

in the center of the hole is vreduced to

. oD (1 + v)(3 ~ kv)

0m nMs 2(1 - 077

~~
o>
®-
-

The difference between deflections for the two conditions depends on the
Poisson ratio. The difference attains a maximum of 25 percent for

v = 0 and it decreeses with increasing values of v to zero for

v =0,5. It is emphasized that these deformations apply to an elastic
material, and it is tacitly assumed that os and D are smaller than
those which would cause plastic deformations. The above mentioned data
vere later used in determination of the forces on a piston in the hole

or on a pressurc cell with a fully active face plate.
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83. Hole with piston in rigid wall. When a hole in a rigid wall

is provided with a piston and a spring, as shown in Figure 34c, the con-
ditions correspond to those of a pressure cell with a fully active face
plate. A theoretical solution of this problem has been developed by
Gravesen (1959), who uses his theory concerning a hole in a rigid well,
discussed in the foregoing paragraph, in comtipnaticn with loads,
streases, and deflections of annular segments. The results are pre-
seated in the form of tables and a few closed equations. Askegaard
(1959, 1961) discusses applications of these theories und verified thea
experimentally, using an artifical material, "araldite," which obeys
Hocke's law even at relatively large strains. As the piston is pushed
ir.to the hole, the area of contact between th~ piston and the outside
elastic mutzrial decreases, and1 the relation between The total pressure
on the piston, Pe , and the deflection, Ge s 1s curved and not linear
as in cases represented by the Boussinesq and Walén indentation equa-

e _e

tions, liow:ver, the decrease of the area of contact is nearly negligible

and the relation between Pe and Ge is practically linear for very
small deformations such as those occurring in a pressure cell. For such
small deformations Pe may be determined approximately by, quoting
Askegaard {1959), and assuming that there is no friction between the

ccmpressible material and the rigid wall,

DMS
P26, 5 3.05 {85}
l1-v
or with
. T .2
Pe = Ce T D
2
_ D nl-v
e = % T 305 (f6)

According to Equations 6 and 10, the corresponding values NS and Ks

are
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OeD )4 MS
N, = 5—=3.00 - — (87)
e l = v
and
N
- 5 _ L S
K5 =% - 3.05 . > (88)
s 1l -v

g Ks , and the cell error or under-

registration are 3.05 times as large as those obtained by the simplified

That is, the values of Pe , N

theory for & cell in a free field. The theory and numericel values of
the coefficients were verified in small-scale tests on elastic materials
by Askegaard. The calibration factors for changes in air and water pres-
sures may or may not be the same as those for changes in scil pressures,
depending on the design of the pressure cell.

84, Hole with dimphragm in rigid wall. Askegaard (1961) has aiso

investigated stresses and deformutions at a hole covered by a fixed but
flexible diaphragm, Figure 34d. The problem is solved by means of
finite annular elements and the requircment that the deflections of the
diaphragm should be equal to the deformations of the soil for the same
annular loading conditions. The approximate solution of the problem
may be expressed by the following equation, for the average increnental

force is Askegaard (1961), page 12,

P =& —-‘5-50.1;3 (89a)

where Gm is the maximum deflection in the center of the diaphragm.

Substituting Gm with the average deflection, 6a , yields the equation

—_—1.12 (89b)

which is about one-third of the force on 1 piston, Figure 3bc.
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Equation 89 yields values of Pe which are slightly larger than those
obtained by the Boussinesq equations for a pressure cell in a free field
and a fully active face plate. The arrangement in Figure 34d may serve
as a pressure cell at a rigid boundary when the cavity below the dia~
phragm 1s filled with a liquid which acts on an smaller measuring dia-
phragm in the bottom of the cavity.

85. A pressure cell in a free field with en inactive rim and
exposed diaphragms presents a problem similar to that for a hole with
a flexible diaphragm, but the stress increase caused by the inclusion
effect of the entire cell must &lso be considered. Tory and Sparrow
(1967) have solved these problems, using the methods by Askegaard and
matrix inversion. It was found that the cell error can be expressed as

a function of the

Flexibility Ratio = ————r (90)

where Ec is Youngs modulus for the cell materlial, d is the dismeter
of the diephregm, D diemeter of the cell, and the other parameters
are defired in Figure 37. Simplified final equations gimilar to Equa-
tion 89 are not presented, but the simultaneous equetions are arranged
for computer solution. .+ diagrammatic solution for a specific cacge is
shown in Figure 37; it is seen that the cell error decreases with the
overall thicknegss-diemeter ratio of the cell and with increasing flexi-
bility ratio. It is assumed that Poisson's ratio ic 0.5 for the soil
and 0.33 for the cell material. Seversl minor assumptions and simpli-
fications have been made in obtaining these solutions, the results in
Figure 34b are only approximately correct.

Ellipsoidul inclusion
in a free stress field

86. Initial investigations. The theories discunsed in tue fore-

going paragraphs deal primarily with stresses and deformations normul to
the face of a pressure cell; the effect of lateral forces and the

Poisson ratio is only partially coneidered, A rigorous solution with
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full consideration of all stresses and strains is very diflicult to
obtain by conventional methemetical methods. However, Eshelby (1957T)
found that simplifying conditions exist for an axisymmetrical ellipsocidal
inclusion in & uniform matrix, and that the strains in such & body are
uniform and can be expressed by elliptical integrals. On basis of the
Eshelby equations, Askegaard (1963) obtained equations for stresses in a
rigid elliptical inclusion and also fcr the pressure in a liquid-filled
ellipsoidal cavity, as summarized in the following paragraphs and fig-
ures., In general, it is assumed that the inclusion is Infinitely rigid,
and that the materials in the swrounding matrix, or soil, ere isotropic
and fully elastic. It is also assumed that both normal and tangential
forces can be transferred between the inclusion and the matrix without
slippage. OStresses in the matrix are designated by o ,

o

xs ¥s

s O . s whereas stresset
&

o
’ z8

and those in the inclusion by o

o
c® ye
caused by e uniaxial stress change will be indicated by the superscraypt
"A" and those¢ caused by a triaxial or hydrostatic stress change are
designated by the superscript "T."

87. Rigid ellipsoidal inclusion. The solutions obtained by

Nhskegaard (1963) for stiresses in & rigid ellipsoidal inclusion are pre-
sented in the form of short equations in tensor notation and also as
nuch longer serjies of equations in conventionel mathematical notation.
A graphical summary of the results are shown in Figure 35 which are

supplemented by tebles in the text. The stresces caused by a uniaxial

streocs change in the maetrix are shown in Figuee 350, where the stress
A
ratio (dﬁc/ozﬂ )} 1is plotted a8 a function of the Polsson ratio, v .

In contrast to data obtained by the simplified theory, the influence of
v is small but not negligible; it is & maximum for medium values of the
ratio and attain minima for v =0 and v = 0.5.

88. The stresses caused by a triaxial or hydroustatic stress change
in relation to those ceused by a uniaxial stress change are shown in
Figure 35b as a function of the Poisson roatio, v , and the thickness-
dismeter ratic, h/D . The ratio (JZC/OQC) also indicates the in-
fluence of latera) stresses, Figure 35b shows that axial streeses in

the ipnclusion may be increased by an increase of the lateral stresses in
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metrix when the thickness-diameter ratio of the inclusion is small, but
such an increase in axial stresses in the inclusion may change to a de-
crease for larger values of h/D combined with large values of v .
Therefore, generalization of the results of a numerical analysis of a
specific problem, or given values of h/D and v may be misleading,
as will be shown in later paragraphs.

89. The simplified analysis of soil-cell interaction, Equations 19
and 20, as well as initiel experiments by Peatie and Sparrow (195L),
Figure 2Th, show that errors in pressure cell indications are nearly
linearly proportional to the height-diameter ratio of the cell, h/D .
These reletions can also be deduced from the figures and tables in the
paper by Askegaard (1963}, which are shown in Figure 35c¢ for minimum,
medium, and maximum values of v , This figure verifies the vesults of
the simplified analysis and of experiments by Peattie and Sparrow, but
it disagrees with thcoretical data by Mason and Associates, Equation 79,
vhich indicate that the error in cell regictrations is proporticnel te
the square root of h/D .

90. Liquid-filled ellipsoidal cavity. Askegaard (1963) also in-

vestigated the changes of pressures in a liquid filling an ellipsocidal
cavity in a uniform elastic matrix. Both uniaxial and triaxial stress
changes in the matrix are considered. The pressure in the liguid, p ,
was found to be a function of the stress change in the matrix, the rela-
tive compressibvilities of matrix and liquid, the height-diameter ratio
of the cavity, and the Pcisson ratio for the matrix. The pressure in
the liquid approaches the axial stress change in the matrix with de-
creasing height-diemeter ratio of the cavity. Some of the principal
relations are summarized in Figure 36, which also shows that the pres-
sures in the liguid are much less sensitive to changes in lateral
stresses in the matrix than are the stresses in a rigid inclusion, Fig-
ure 35b. This insensitivity to changes in lateral stresses would be of
great advantage In stress measurements, but it is difficult to produce
suitable cavities in undisturbed s6il. However, several types of cells
for measuring soil stresses are based on measuring pressure changes in

a liquid filling a very shallow cavity in the cell.
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91. Experimental data. Stress relations discussed in the fore-

going paragraphs a:.d shown in Figures 35 and 36, represent theoretical
data. Askegaard attempted to obtain verification of the theories by
small-scale laboratory experiments. He used a 20- by 20~ Ly 20-cm cube
of an elastic plastic, araldite, as the matrix and the type of pressure
cell outlined in Figure 35b for the stress measurements, The results
verified the general form and trend of the theoretical relat.ons, but
there were minor numerical differences in individual tests. These devia-
tions are probably caused by representing a semi-infinite matrix by a
small cube, and by using & thin cylindrical disk instead of an ellipsoi-
dal inclusion. It should be noted that the theories by Askegaard are
based on free field stress conditions.

Finite element method of analysis

92, 1Introductory comments on method. Investigaticons of soil-cell

interaction discussed in the foregoing paragraphs were in some cases
based on extensive simplifications of Lhe provlem, and in oiher cases
solutions were obteined by use of annular elemments. The latter are in
fact a type of finite element analysis, but solution of corresponding
simultaneous equations were obtained by progressive approximations or
iteration but without modern electronic computers. The finite element
method combined with a computer provides a very versatile tool for in-
vestigating soil-cell interaction for most shapes and properties of the
pressure cell or inclusion, stress conditions and soil properties, and
it can be apnlied for both linear and nonlinear stress-strain conditions
and slso to pressure cells with an inactive rim. However, in most cases
the method yields only a numerical solution for specific values of the
independent variables and not a general sclution of the prcoblem. Intro-
duction of the finite method of analysis by Bates (1969) is most com—
mendable, although initial investigations yielded the expected result
that. changes in radial stresses also caused material changes in axial
stresses and in stress indications by the pressure cell. This result
agrees with the findings by Askegaard (1959), since a height-diameter
ratio of 1/6 and a Poisson ratio v = 0.3 , used by Bates, irndicates

an increase of axlal stresses for an increase of radial stresses,
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Figure 35%., However, this figure also shows that an increase in radial
stresses nay cause a decrease of axial stresses when the height-diamweter
ratio, h/D , and the Poisson ratio, v , are large. Bates found that
the influence of the radial stresses on the axial stresses could be de-
creased materially oy tapering the outer rim of the cell, or giving it

a lenticular form. The re. 1t is shown in Figure 12 and is callsd the
SMRL pressure cell since it was designed in the Spokane Mining Research
Laboratory (SMRL). It was also found that the sensitivity to radial
stresses in one direction can be decreased by arranging the strain gages
of the diaphragm linearly in a perpendicular direction. So far, the
SMRL pressure cells have been built with two maximum capacities, 1000 psi
for use in tunnels and 100 psi for shallow soil applications. 1In the
following review it is assumed that the cells are used under free field
stress <ondition.

93. Anglysis of the SMRL soil pressure cell. The principles of

the finite element method of analysis are assumed to be known and are
not described in the paper by Bates or in this report. The initial and
principal analysis by Bates utilizes a conventional triangular grid,
Pigure 38a. It appears, but not stat:d directly, that the anslysis is
two-dimensional in character and ar .lies to a section through the center
of the cell. A limited analysis was also made with an axisymmetrical,
quadrilateral grid, Figure 38a, but computer programs for such elements
were not fully developed at that time, The data obtained by the conven-
tional analysis were used to construct equal stress contours as shown

in Figures 39 and 40 for axial and radial stress changes in the matrix.
The stresses acting on the surface of the diaphregm can be determined
from these contours. The ratio between the average stress on the sur-
face of the diaphragm, oc , and the field stress, O » represents the
overstress or inclusion effect, and it is shown in Figure 4l as a func-
tion of the modulus of the matrix., For this cell and the moduli assumed
for soil and steel, the inclusion effect is 9.5 percent for axial loads,
and it increases to 54 percent for radisl loads. These results indicate
that the overregistration of & soil stress cell depends not only on the

dimension of the cell and on the deformetions of soil and cell but also
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From Bates (1969)
A. TRIANGULAR FINAL ELEMENT GRID

FIGURE 36 GRIDS FOR FINIVTE ELEMENT ANALYSIS OF THE SMRL SOIL
PRESSURE CTELL .
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on the ratio of exial to radial stress changes in the soll or matrix. It
would be desirsble to find a shape of the cell which would yield the same
registration ratio or have the same calibration factor for horizontal

and vertical positions for the cell.

94, cCalibration and correction factors. The SMRL cells were
calibrated for uniform axial loads in equipment similar to that used by
the WES. Figure 5. The results of such a calibration must be modified
by a correctionr factor which is a function of the various independent

variables including the ratio of axial to lateral stresses. The cells
were also tested in a relatively small test bin with send. The bin had
& rectangular cross section, 20 by 22 in., end was 30 in. high. Inge-
nious auxiiiary equipment and procedwres were developed for taking the
influence of the sidewall friction into consideration, and the resulte
obtained agree fairly well with the theory. Finally, Bates developed

a diagram for the correction factor to be applied to the experimental
calibration factor, Figure 42, This diagram applies only to the cali-
trated cell, to a soll with a Poisson ratio of 0.3, and to free field
placement of the cell. The ccrrection factor is presented as a function
of the ratio of measured lateral and normal stresses on the cell, +hich
represents a combination of several variables, and its reliebility may
rossibly be subJect to some limitations.

95. Advantages and limitations of a finite element annlysis. One

of the principal advantages of the finite element metnod of enalysis is
that it generally can be applied succesafully when other currently aveil.-
able methods of analysis are too simplified to yield a sufficiently ac-
curate, closed mathematical expression for the reliability or error in
megsurement of soil stresses. The finite element method can be used
irrespective of riress conditicns and stress history, for mcstl designs

of a cell or inclusion, for most properties of cell end soil, and for
either no slippage or no friction or adhesion between cell and soil. It
can be used to estimate the soil-cell interaction for & pressure cell
with an inactive rim and an exposed meusuring diephragn, & problem which
is very difficult to solve by mecens of other currently aveilable methods.

The principal limitation of the finite element method ie that it ylelds
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only & numerical solution fo' a specific set of values of the independent
variables. Generalizations cannot sefely be made from a single solutiocn
unless the influence of changes of the other variables is considered.

The basic equations for deformetions of individuel elements are generally
developed on the assumption that the materials are elastic and/or plas~
tic; both linear and nonlinear stress-stirain curves can be considered,
but satisfactory methods for treating stress-strain diagrems which ex-
hibit a peak strength followed by a decrease in strength under continu-
ing deformation have not yet bteen developed. Furthermore, some soils

are expansive, such as dense sands and strongly overconsolidated clays,
and undergo a volume decreage by an increase in strese, which may yield
en ayparent value of the Poisson ratic greater then 0.5. Other solls,
underconsolidated or only slightly overconsolidated may be sublect to a
volume decrease by an Increase in pure shear streeses. These special
manifestations of some solls require o revision of the constituent egua-

tions for their behavior when subjected to stress changes, and this ap-

plies not oniy to the finite element methods but to all other methods

for enalyzing stresses and strains in soils.
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PART III: TRIAXIAL TESTS WITH SOIL PRESSURE
CELLS AT WES IN 1954-535

Background Data

Purposes of the WES tests

96. Initiasl tests with the WES soil pressure cells, described in
the report of 19h%, were performed with the pressure cells buried in sand
in a fairly rigid and shallow container. The sand wns subjlected to
known axial surface pressures, but the lateral or confining pressures
could not be varled independently of the axial pressure and could not
be determined accurately. Furthermore, sidewall Iriction caused the
exial pressur< ir the sand to decrease with increasing depth. It was
desired to perform tests on pressure cells in a triaxial device in which
exial and lateral stresses could be varied independently of each other
and where sidewall friction is eliminated.” However, it was also known
that the stress distritution in & triaxial test specimen might be nonuni-
form because of the influence of rough and rigid end plates. Therefore,
the principal obJectives of the triaxial tests with soil pressure cells

were:

&. To deteruine experimentally the existence and magrnitude
of nonuniformities of stress distribution within a large

triaxial test specimen having the commonly used height-
diameter ratio or 2:1.

b. To verify or correct the standard calibrsat

b el
s

{iAan of +ho woo=
L°X = UL SR AN SR ) ~ v I o~
sure cells and Investigate the inlluence of lateral soil
stresses or the crientetion of a pressure cell with

respect to the principel soil stresses.
A brief description of the equipmeint used in the above mentioned tests

and s summary of the principal results ohtalned are presented in this
report.

Early triaxial calibration tests

97. Plentema (1953) developed a short triaxial apparatus for
calibration of large soll pressure cells, Figure 43. The pressure cell

is placed in the center of the triuxial test specimen of sand, which has

a diameter of 95 cm and & height of 62 cm, whereas the pressure cell had
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& diameter of 25 cm. Both the top and bottom end plates in the triaxial
apparatus are provided with rubber-water cushions, which contribute to a
more uniform distribution of the axial load. However, the restraining
steel rims will ceuse some stress concentration along the cylindricael
edge of the test specimen, and the influence of this stress concentration
may extend to the midheight plane because of the small height-diameter
ratio, but data on the actual stress distribution in the short test
specimen are not available. The pressure cells were also designed by
Plantema (1953) and had a face of a flexible membrane, fastened to a
narrov rim and underlain by a thin layer of oil; the pressure in the oil
was mea.ured by means of a secondary diaphragm in the cell body. This
cell should be satisfactory in fairly fine-grained soils and uniform
stress conditions but it is probably alsc very sensitive to stress con-
centrations in gravelly and stony soils. The pressure cells were
oriented to measure axial stresses, and it was found that the registra-
tion ratio increesed with increasing ratios of radisl to axial stress
changes in the sand, which agrees in principle with the theoretical in-~
vestigations by Askegsard {1963), Bates (1969).

Memoranda on the WES triaxial test=

98. The WES triaxial tesis on WES pressure cells were performed
with a vacuum type triaxial apparatus and a test specimen with the com-
monly used lengtn~diameter ratio of 2.0. A brief description of this
gpparatus and ithe raw veést 3ts cbtained sre nrezented in memorande for
the WES Stress Distribution Conferences of 1954 and 1955. Condensed
descriptions of the equipment and summaries of the results obtained in
the 1954 tests are given in the papers by Ahlvin (1956) and by Shockley
and Ahlvin (1960). For convenience, a brief description of the equip-
ment and testing procedures is also giver in this report which contains
a discussion of the test data cbtained in both 1954k and 1955. As an
introduction to tnis discussion, theoretical solution for the stress
distribution in short and long cylinders with restrained ends and sub-

Jected to both uniaxial a~d triaxial stress chenges is presented in the

following two paragraphs.




Theoretical Stress Distribution in Cylinders with Reatraingd Ends

Uniaxial compres-
sion of short cylinders

99. Until about 50 years ago, compressioan tests on metals, wood,
rock, and concrete were usually performed on cubes and cylinders with a
length-diameter ratio of abcut 1.0, and it was realized that the
restraint caused by applying the compressive axial force through rough
end plates created nonuniform stress conditione in the test specimens.
Filon (1902) developed very completed solutions for the stress condi-
tions in a test specimen with the length-diameter ratio of #/3 = 1.05
and subjected to uniaxial compression, Q, - He used rigorous mathemat-
ical methods for elastic materials and assumed that the end restraint is
produced by fictitious narrow bands or redial surface forces at the ends,
which were determined by the condition that the radisl displacement at
the circumferential surface should be zero at the ends. The results
obtained for vertical or axial stresses, o, s on the end and midheignt
pianes are shown in Figure LU. The axial stress at the center of the
ends is only 0.68 x q, and it increases to 1.68 x q, 8t the cylindrical
surface. The opposite variation occurs at the midheight plane where the
vertical stress at the center is 1.1.3qa and the stress at the surface is
O'nga‘ Similar results for the axial stress were obtained by Pickett

A Yo 3 w__—__.3. [AAara A
L appulLviilG allu nTwaial'n \1Ly )41 ) U.y

(19%}:) using the Fourier Sories and by
means of the lattice analogy method. Pickett and D'Appolonia and Newmark
assume a length-diameter ratic of 1.0 and that there is no displacement
of any point on the end surfaces. These three investigations yielded
good agreement on axial stresses but there are significant differcnces

in the values obtained for radiel, tangential, and shear stresses.

Triaxial compres-
sion of long cylinders

100. Triaxial tests on soils are commonly performed cn & cylin-
drical test specimen with a length-diameter ratio of 2.0 and subjected
to varying axial and radiel loads. It was contewplated to use a similar

test specimen and loading conditions in the tests with WES pressure
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cells. Balla (1961) succeeded in determining the stresses and strains
in such a cylinder, using the theory of elas%ticity and a stress func-
tion. He assumes that the soil is elastic, that radial shear stresses
vary linearly with the distance from the center, that the ends of the
cylinder remain plane, and are acted upon by radial forces correspcnding
to the fiiction. In the numerical examples and tables it is further
assumed that the frigtion is large enoush to prevent any radial displace-
ment and that the Poisson ratio is equal to 1/3. The results obtained
for two special loading conditions are shown in Figure 45. At the ends
the vertical stresses for uniaxial compression are smallest in the cen-
ter and the stress distribution resembles that obtuained by Filon for a
short cylinder. A%t midheight the vertical stresses are also largest in
the center, but the numerical values of oz/qa at the center of mid-
height are much smaller than for a short c¢ylinder. These stress varia-
tions are reversed for uniform triaxial loading or Q. =9, - At the
ends the stresses attain a maximum at the center but reach a minimum
there at midheight. Stress variations at the distance of 0.4 H from

) midheight are also shown and are nearly equal to those at midheight;
this is of interest since the pressure cells in the 1955 tests were
placed at a distance of 9 in. or 0.26 H above and below the midheight
plane and 9 in. offset from the centerline of the tests specimen, Fig-
ure 51 (page 153). The theory of elasticity indicates that there showld

not be any radial displacements for the load ratio
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These stress variations with & change in load ratios must be borne in
mind when interpreting pressure cell indications for various retios of
the radiel to axial unit loads. A solution for elasstic conditions but
without special assumptions for the shear stresses has recently been

obtained by Brady (1971). The difference between the suvlutions by Balla

and Brady occurs primarily at the end surfaces, and there is but little

difference between the two solutions near midheight of the test specimen.
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A solution for materials with nonlinear stress-strain relations has been
proposed by Girijavailabhsa and Mehta (1969). Discussions in this
report are based on the analysis by Balle (1961).

Testing Equipment and Procedures

Generel requirements

101. It was desired to test groups of 6-in. WES soil pressure
cells and in separate tests individual l2-in. cells consisting of a
6-2n. cell plus a 3-in. wide insctive rim. It was estimated that a test
specimen about 3 ft in diameter and 6 ft long would be needed. A pres-
sure vessel large enough to accommodate such & test specimen was not
available, and the tests were performed in the open using vacuum in the
test specimen to produce the radial or confining stresses, although the
limitations of this method were realized. Tests were to be nerformed
with both 50- and 100-psi WES pressure cells.

prey - -

The WES large triaxial device

102. The device is shown in the photograph, Figure 46, and a
schematic form of the testing arrangement is presented in Figure uLT.
The test specimen has a height of 70 in. and a diameter of 35.68 in.
corresponding to a cross-sectional area of 1000 sq in. The specimen is
confined by vulcanized rubber membrane and two rigid end plates. The
upper plate is a hollow disk of internally braced welded steel plates.
The lower plate consists of porous concrete within a shallow steel con-
tainer with an outlet for cables to the pressure cells and & pipe to
the vacuum pump. It rests on a reinforced concrete base plate. Axial
loads are applied by & hydraulic Jack through a load cell to a reaction
truss, which had been used for cther loading tests. Supports are
provided for dials measuring axial and radiel deformations, and strain
meters were placed in some test specimens. The vacuum is produced by a

hand operated pump and is measured at both top and bottom of the test
specimen,

€21l used in tests

103. All tests were performed witn a processed and air dry mortar

kY

n k‘-',-; a \Q' l" . li"gﬂ‘ga-i

IEECTEPURRNPRTT TN SN ISPy VLY

PRV SV PO SO

RPN

o~

[T YU VRS S - SURY - SSRPREIL SO A S PTICTUNPRPT

ANAFT s e




From Ahlvin (1956)

Figure 6. WS Large Triaxial Compressicn Device - Vauum Type
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sand, used in other tests at the WES. The grain-size distribution curve
for this rather fine-grained and uniform sand is shown in Figure 48.
Initial teets were made with sand in both lonse and dense consistencies,
but most tests in 1955 were performed with a medium dense sand, with
injtial unit weights of 108 to 109 pcf corresponding to a relative den-
sity of 80 to 85 percent. The modulus of deformation varies with the
confining pressure or vecuum and with the load.ng conditions. The rela-
tions for uniaxial compression or constant vacuum in coch individual
test are shown in Figure 49, The maximum vacuum epplied was usually

27 in. of mercury or 13.26 psi. There is a conspicuous increace in the
values of the moduli between the first and second cycles of loading and
oniy a minor increese with additional cycles. Corresponding moduli for
increesing stresces but conatant stress racio, ol/o3 , are shown in
Figure 50. The dashed lines repregent observed or apparent modull which
apply only to stress conditions with the same stress ratio as thut for
which the modulue was determined. To obimlin the actual moduli of defor-
mation, corrections must be made for the influence of the Poisson effect,
as shown in Figure 50 for e Poisson ratio v = 1/3 . The moduli shown
in Figures 49 and 50 are average moduli for the first part of each load-
ing cycle. The modull decrease with increasing load for uniaxial con-
pression and high values of 01/0e and change gradually to the opposite
tread for uniform triaxial compression, al =0, - The peek axial
stress was determined for several larg~: test specimens and loading
procedures, which yielded an average angle of interna” friction of the
morvar sand of @ = 39.5 deg. Standard laboratory test on test
specimens with a diameter or 2.8 in, ylelded approximately

¢ = 38.Y deg.

Preparation of test specimen

10Lk. A steel forming Jacket of three bolted segments supports the
rubber membrane during preparation of the test specimen. The sand was
poured in and compacted in batches of 200 to 400 1b, corresponding to
iifts of 2-1/2 in. to 5 in., or relative densities of 80 to 85 percent.
Compactive efforts were increased us the height of the specimen in-

creased in order to obtaln the same densities in the lower and upper

2k
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50,000

SECOMD AND THIRD CYCLES —]
40,000 |- Bad
SECOND CYCLE :.;/ "]
/./
0,000 d
39, L~ é»pms*r CYCLE

FIRS T cvcu-*’V

Mg =SOIL MODULUS OF DEFORMATION IN PSI

20,000 = ]
/ﬂ'L—paoaAaw FIRST CYCLE
10,000
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omeiams'. I [ | i i |
RELATIVE DENSITY OF SAND VARIED FROM 0.60 TO 0.85
o A T T A Y M S
3 4 & 6 T 8 9 10 1 12 13 4

03 « CONFINING PRESSURE BY VACUUM IN P31

DATA FROM 19885 TEST SERIEDS, TABLE 4 AND D, THIS REPORT

FIGURE. 49, MODULUS, Mg, FOR MORTAR SAND A14D CONITANT
LATERAL STRESS, Oy,
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’ THE DIAGRAMS REPRESENT AVERAGE VALUES BUT
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0
0. 40,000
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O
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o \ 2 3
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NOTE: DATA FROM 1855 TEST SERIES, TABLES 4 AND 5 OF THIS
REPORT.
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Farts of the test specimen, Special templets were used to hold the pres-
sure cells in the desired position until sand had been carefully hand-
tamped around them. The height of the specimen was determined after
placement of the top plate. The registration of the pressure cells were
determined before and after their placement in the test specimen. A
vacuun was appllied after placement of the top plste and before removal
of the forming jacket. Changes in height of the test{ specimen and in
the registration of the cells during these operations were observed.
Large cnanges in initial deformations and pressures usually correspond
t0 lerge differences between the first and second cycles of loading and
may indicate not only changes in the modulus but also unsatisfactory
prlacement of the pressure cell and doubtful reliability of the celi indi-
cations, at least for the first two or three cycles of loading. The

sand used in preparation of a test specimen was weighed and the corres-
ponding average initial density of the specimen determined. Densities
after completiovin of u Lesl were determined by sampling and weighing at
various levels during dismantling of the test specimen. Different test-
ing procedures were used in the varlous test series and are described in

paragraphs dealing with the particular test series.

Stress Distribution Tests of 1954

eneral features -

105. Dual objectives. The objectives of the 1954 test series

were two-fold, i.e. (a) to determine the stress distribution in a re-
strained cylinder with axial loading, and (b) to investigate the over-
or underregistration of the pressure cells, The two objectives are in-
terdependent, and a solution cennot be obtained without recourse to
assumptions or simpliflied theoretical relationships. The priucipal
objective of the 195k test series may be said to be determination of
the stress distribution by temporary neglection of the over- or under-
registration of the cells. The tesis also yielded some information on

the action of pressure cells, but this probl-u was investigated in

grepoter detail in the 1lys5 test series. The tests were performed with




WES pressure cells of 50 and 100 psi rated capacities. The correspond-
ing average mcduli of deformation of the cells are shown in Figuwre 6,
and the modulus of the 50 psi cells is slightly belcw and that of the
100 psi cells slightly above the moduwlus of the sand in the trianguiar
test specimen. Therefore, the test yields only two points of the un-
known curve representing the relation between compressibilities and
registration ratios.

106. Placement of the cells. All cells in the 1954 test series

were arranged in horizontal positions for measurement of axiel stresses
in the triaxial test specimen. The cells were placed at midheight and
base of the test specimen as shown in Figure 5la. The cells at the bese
were get directly on top of the hase plate, and the cells st midheight
were inserted in a shallow hole carefully excavated in a test specimen.
The space around the cells was carefully backfilled with sand and hand-
corwpacted in an attempt to obtain uniform density. A slight seating

1

pregsure was applied in some of the early tests and a temporarily in-
creased all-round pressure or vacuum in all later tests. Such a seating
pressure increases the uniformity and reliability of cell indications,
especially in the first loading cycle.

107. Testing procedures. All tests of the 1954 test series were

performed with a constant vacuum and corresponding confining pressure of
13.26 psi. The axial or applied loads were increased or decreased in
increments or 5 pri, and five or six complete loading cycles were used
in most tests. Botk cell indications, axial and leteral deformavions,
were observed for each load Increase or decrease. The initisl determi-
nations of the average dcnsity of the specimen, determined during lts
preparation, were generally supplemented by sampling and density deter-
minations at several levels during dismantling of the test specimen upon
completion of & test.
Principal test data

108. Densities and deformations. Basic density date for the test

speclimens of the 195k test series are summarized in Table 1; whereas
observed axial and lateral deformaticns end corresponding veliues of the

Polsscn ratios and changes in volume and density are shown in Table 2.
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A. 1954 TEST SERIES

5G PSL AND 100 PSI CELLS AT
MIDHEIGHT, AND BOTTOM WITH
VARIOUS RADIAL OFFSETS.

AXIAL STRESSES MEASURED- MOST
TESTS WITH 6-IN. CELLS; SOME
TESTS WITH 12-IN. CELLS HAVING
A 3-IN. INACTIVE RIM.

B. 1955 TEST SERIES

100 PS| AND A FEW S0 PS! CELLS
PLACED AT 9-IN, RADIAL OFFSETS
FOR MEASUREMENT OF AXIAL,
DIAGONAL, RADIAL AND TANGENTIAL
STRESSES, ALL FOUR CELLS
USUALLY IN ONE PLANE ©-IN.
ABOVE OR 9-IN, BELOW MIDHEIGHT.

FIGURE S1. ARRANGEMENT OF WES PRESSURE CELLS IN PRINCIPAL

TESTS.
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Table 2
Axial and lateral Deformations of Triaxisl Teat Specimens
1954 Test Beries

Average® Avarege Volume of Poisson

Increase Area of%" Volume of Vertical Vertical Adjusted Iritial Ratlo
Specimen Load 4in Radius Leteral lateral Deflection Change Density Density v

__No, kips in. Change Charge in. cu ft lb/cu ft 1b/eu ft Average
7 30 0.127 5.93 0.385 0.720 0.417 106.2 106.1 0.71
8 30 0.079 3.69 0.239 o.ko7 0.236 107.9 107.9 0.4
9 20 0.063 2.95 0.191 0.728 0.k21 99.8 99.2 0.33
10 30 0.094 4.39 0.285 0.61% 0.355 109.2 109.0 0.61
11 30 0.10k4 4.85 0.315 0.574 0.332 110.1 110.05 0.70
12 20 0.056 2.61 0.169 0.676 0.391 93.8 98.3 0.33
13 30 0.0877 4,09 0.265 0.480 0.278 -108.¢ 108.55  0.T2
1L 30 0.0697 3.25 0.211 0.458 0.265 110.6 110.5 0.64
15 20 0.048 2.2k 0.145 0.589 0.341 101.4 100.9 0.31
16 30 0.0677 3.16 0.205 0.450 0.260 .2 11.0 0.59
18 25 0.05h 2.52 0.163 0.265 0.211 105.6 105.5 0.80
19 25 0.043 2.03 0.132 0.326 0.18¢9 106.4 106.2 0.39
20 25 0.142 6.63 0.L30 0.831 0..81 103.3 103.2 0.67
21 25 0.180 8.L0 0.545 0.926 0.536 103.8 103.8 0.77
22 20 0.094 4.39 0.285 1.095 0.634 99.5 98.6 0.33
23 20 0.075 3.50 0.227 0.946 C.5kT 99.2 98.4 0.31
2L 30 0.067 3.13 0.203 0.L02 0.233 107.4 107.3 0.65
25 35 0.087 L.o6 0.263 0.h08 2.23€ 110.0 110.1 0.85
26 30 0,066 3.00 G.250 C.37% e.016 1001 1001 0.60
27 30 0,069 3.22 0.209 0.397 0.230 106.8 108.7 0.69
28 30 0.0719 3.68 0.239 0.408 0.236 108.5 108.5 0.77
29 30 0.066 3.08 0.200 0.361 0.209 108.6 108.6 0.61
30 30 0.062 2.89 0.187 0.357 0.207 108.6 108.5 0.77
31 30 0.077 3.57 0.232 0.400 0.231 108.4 10f 0.76
32 30 0.078 3.64 0.236 0.4k0 0.255 108.0 108.0 0.71
33 30 0.074 3.45 0.224 0.415 0.240 307.4 107.3 0.71
3 30 0.040 1.87 0.121 0.328 0.130 108.3 108.1 0.ke
35 30 0.061 2.85 0.185 0.380 0.220 1.07.9 107.8 0.63
36 30 0.054 2.52 0.163 0.366 0.212 108.1 108.0 €.59

® Average of three gage readings at mldheight of speciuen.
#&  Cross-sectional area of bulge assumed to be adequately represented by a parabolic ares.
Assuming no displacement st head and tase: A = 2/3 Arh
Where: Ar is average mldheignht radius increase
h is heignht of specimen
Er -y x Ea , V@ Er/Ea =» AR/R » H/8H = AR/8H x H/R = AR/AH x 70.0/17.84 » AR/AH x 3.91




Typical stress-strain relations for uniaxial compression of the sand are
presented in Figure 52; this and similar diagreams were used for estimat-
ing the deformation moduli of the sand under various stress conditions.
The maximum deviator stress or applied unit axial load was ususally
30 psi, but in some tests the meximum load was 20, 25, or 35 psi.

109. Stress conditions at midheight of test specimen, As shown in
Figure 45, the theoretical stress distribution at midheight of a cylin-
drical test specimen with a length-diameter ratio of 2.0 and subjected

to uniaxial compression are nearly uniform, and the stresses near the
axis are only slightly larger than those at the cylindrical surface. A
typical soil-cell stress plot is shown in Figure 53. The definitions
given in this figure apply also to the general summary of observed
stresses in Table 3. The stress conditicans at various stages of prepara-
tion and loading of the test specimen are illustrated in Figures 5L4-58
and discussed in the following paragraphs. Residual stresses at the
cells are not considered here bul are discussed in a separate section

on the iniluence oi secondary factors.

110. Measured stresses caused by deadweight of the sand, while
the test specimen still is supported by the forming Jacket, are shown
in Figure 5lta and b. There is considerable scatter of observed stresses
but no appreciable difference between indications of 50- and 100-psi
pressure cells. The scatter reflects stress changes caused by installa-
tion of the pressure cells and gives a clue to the reliability of the
various indications during the first loading cycle. The scaticr of ob-
served deadweight stresses is greatest near the cylindrical surface and
is undoubtedly jinfluenced by variations in the sidewall friction between
the test specimen and the forming Jacket.

111, The total effect of deadweight and application of a
13.26-psi vacuum plus removal of the forming jacket is indicated by the
stress observations shown in Figure 558 and b. In this case the 100-psi
cells indicate slightly larger stresses than the more compressible
50-psi cells, which agrees with the general theory of pressure cells or
inclusions. According to the theory by Balla, Figure 45, a uniform load

increase in all directinns should produce a stress distribution at
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TEST SPECIMEN 27-1954 SERIES
MORTAR SAND-REL ATIVE DENSITY 85%
|__POISSON RATIO 9:0.35

FOR OTHER TEST IN 1954, ¥ VARIES '
FROM 0.7 TO 0.39. / |
/ . i !
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FIGURE. 52. STRESS-STRAIN DIAGRAMS FOR Mtuium DENSE SAND
IN UNIAXIAL COMPRESSION.
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TEST SPECIMEN 27, RELATIVE DENSITY 85 PERCENT, CELL 94,
CAPACITY 30 PSI, OFFSET 2-IN.,ELEVATION 35 IN,
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FIGURE S3. SOIL-CELL STRESS DIAGRAM AT MIDHEIGHT FOR UNIAXIAL
COMPRESSION,
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midheight which has a slight minimum at the axis and meximum at the cy-
lindrical surface. The observed stresses show & minimum at the axis, a
maximum at & radial coffset of about 5 in., and decrease to another mini-
num &t the cylindrical surface. This stress distribution may possibly
be an after-effect of friction between the test specimen and the forming
Jacket, now removed. The stresses caused by deadweight and vacuum are
not included in the gtresses ghown in the following diagrams but are
used to determine the stress changes caused by epplied axial loads.

112, The stress increase caused by application of an axial unit
load of 13.26 pei is shown in Figure 56a and b. The observed data indi~
cate maximum stress near the sxis and minimum stress at the cylindrical.
surface which agreas with the theory for stress distribution in a cylin-
der with end restraint, Figures 44 and 45, but the observed stress vari-
ations with the radial o#fset are much greater than the theoretical
variations, Figure 45. The stresses indicated by 100-psi cells are
greater then those indicared by the more compressible S0-pgsi cells. The
central 100-pgi cells show a slight overregistration end are less com-
pressible than the test specimen, whereas the opposite applies to the
50-psi cells,

113. The same pattern and comments apply to the stresses shown in
Figure 5Ta and b, which correspond to the average slope of the cyclic
80il-cell stress lines for the epplied 1load interval O tc 25 psi, Fig-
ure 53, but it should be noted that the stresses are slightly higher
i1han those obtained for the applied load interval O to 13.26 psi, as
shown in Figure 56. In general, the soil-cell stress lines are lightly
curved even for gcyclic loading. Replacing these slightly curved lines
with streight lines may lead to erroneous generalizations, which will be
discussed in a later section on "Comparisons and Secondary Factors."

114. The soil-cell stress lines show a great increase in curve-
ture or secant slope for the last 1gad interval, 25 to 30 psi, Figure 93.
This corresponds to a greater increase in registraticn ratio:, ocloz a
as shown in Figures 58a and b, These observations also apply to cyclic
loading when the magnitude of the load approaches that of the previous
load. It mey be noted that the maximum applied load, o, = 30 psi,
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creates total stresses with a principal stress ratio of 3.42, which is
close to that of failure of a test specimen of sand. The significence
of this great increase of the registration ratio will be discussed in a
later section and was the subject of additional investigations in the
1955 test saries.

115. Stress conditions at bause of test specimen. The theoretical

stress distribution at the base of a cylinder with restrained ends aud
subjected to uniaxial loading is shown in Figure 45. However, the
stresses at the base were measured by pressure cells placed directly on
top of the rigid base plate. According to the simplified theory, the
registration ratio of a pressure cell placed on a rigid boundary corre-
sponds to that of a cell with twice the thickness and placed in e uni-
form medium, but a more rigorous investigation of this problem has not
yet been made., On account of these uncertainties and because the action
of pressure cells close to the midheight of a triaxial test specimen is
of greater interest, this report is confined to discussion of the regisg-
tration of pressure cells at the base for a change in the applied axial
load.

116. Examples of soil-cell stress iines for cells at the base of
the test specimen are shown in Figure 59. In contrast to the soil-cell
pressure lines for a pressure cell at midheight of the test specimen, the
lines in Flgurec 59a and b are concave upward and the registration ratio
of the cells does rot increase with increasing axial load or stress., It
may also be mentioned that the lines for cyclic loading in some cases
show & small negative residual stress, probably caused by installation
difficulties and by restraint exerted by the rigid base. Negative resid-
ual stresses were not observed when the more compressible 50-psi pres-~
sure cells were used; see section on residual stresses and Figure 62,

117. An example of measured axiesl stresses st the base of the
test specimen is shown in Figure 60. The maximum axial ioad was usually
30 psi, but a few tests were performed with maximum unit loads of 20,
25, and 35 psi. The diaegrams are conceve upwards, which is in agreement
with theory, Figure 45, but the numerical values for the central part of

the specimen are emaller than the corresponding theoretical value, in
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spite of the fact that the pressure cells were placed on top of the
rigid base plate, which should increase the registration retio, accord-
ing to the simplified pressure cell theory.

Comparjisons and analysis

118. Experimental versus theoretical data. A simplified form of

Figures 57 end 60 is shown in Figure 61, which facilitates comparison of
theoretical data, Figure 45, with experimental data obtained by 50~ and
100-psi pressure cells. The genersl form of the experimental curves
agrees with that of the theoretical curves, but there are large varia-
tions in the experimental curves. In the central part of Figure 6la the
theoretical diagram lies between the experimental curves obtained by

50- and 100-psi pressure cells. This may indicate that the 50-psi cells
are more compressibtle and the 100-psi cells less compressible than the
sand in the test specimen for the particular stress conditions. However,
the slope of the outer part of experimental curves for the midheight sec-
tion is much greater than the corresponding slope of the theoretical
curve, and the stress distribution curves for 50- and 10-psi cell inter-
sect each other. This intersection cannot be explained by available
theories, and it is probable that the reliability of the extrapolation

is not reliable.

119. The diagrams in Figure 61b show measured stresses at the
base and that both 50~ and 100-psi cells in the central area indicate
stresses which are well below th~ theoretical stresses. The latter in~
crease sharply close to the cylindrical surface, where stresses cannot
be measured with the usual pressure cells. Simple extrapolation of ex-~
perimental data up to 1k.5 in. from the gxic would result in much too
small stresses at the cylindricel surface, in comparison with the theo-
retical stresses, and the reliability of the extrapolated parts of ex-
perimental curves is questionable.

120. Summation of measured stresses. The ratio of mensured

forces, S to applied axial forces, Pz . was determined in some
cases in an effort to obtain numerical estimates of the overregistration
or underrcvgistration of the pressure cells. The measured forces were

Jetermined by dividing the cross swction of the test specimen into nine

172

PR Y

P




‘SITSIULS VXY NO VIAVG TTVANIWHIGXT ANV TI¥IILIYOIHL 40 AUVYIWANS 19 38N9L4

l\\

NI Gwlzd §71713D 40 136430 XVH

T T e T AL N e

SR Q=R LI/Gvizy/

—
-

@ S9L

B

1961 ¥1IvE AQ A¥OIML WOUL ‘074

| |

‘AUOdIAY SiHL W1 S 'O1d

m NIRI3dS 4534 30 39ve 47 9
m m\.. o:.é 13€340
: ol g0 vo zo )
w
m |
W G099 V09 D1 NO¥S WAvGy
f R

m $1132 18d 0§ N\
X
3 -
m. 2

“
w =
3 2
m A
:
_m,

|

—

| $53N4S IVIXVY WIILIN0IHLAD
70 AQ AIFNTZ SSIULS MIV=T
QvO1 LINN VIRY CA1ddV =30
(MNNIVA) 1Sd 92'61:N

IS §4' 7= IHOIIMAYIC:=D

|
|
“

_ .bh

VBN PR MU

P9en-Sp='p
1

<
o

@
o

Q
o

Q

o~

<

«Q
—

Zp/ 40 01LvY GYO-653ULS ¥O 20,2 Ollvy $63¥l%-"113D

Q'

9'0

/4 ‘Oravy 1384340
.w.‘O 0

«Q

NIWRIAAS LS3IL 30 LHOIINAIN LV 'Y

(o]

Mo
\\4\ zo_bjon#t X3
- - 9'0
H 190N/ NI Gyl s a
~ _m.... 1230 90 ._,_MWqu ‘XY
/ ﬂ \\arn» Vi 'Old NOYY ViYe

€660

7

V3 18d 08

b
o

.90.

|
|
]
T llf‘l.'l
f
|
|
I

_.zo noNd T

I

N“i

51
=t | I

N

‘Nl V@ LinYed

$TM3Y ise ooT\\\«/

1 { _ _

SEINLE ITIXY WD 803Nl AD

t
ub AQ Q36U VYD SENUE T .uu%n :

__ (WANDYA) 18a 22°S1-+T

18d 3 Z-LWOI3MAVIO- %y
Yo:M.=80
peN-%r o |

|QVOT LI ViKY J31ady = _
I

ub_

£ €
of

O

L

|
< o
20//0 ‘01LYY'CI0T1-SEIULE ¥ W/ O1ivH SEIWLS -1

¥

]
-

- . S V————————. e, -
- e P t»a.......”‘f‘-

4

-,

ST ag T

L dmA P .....o\.»...'._ - ..H 'D}.a/'-:c -

Ly T
r-_— \-

3

T

. W PEERR ofF N ARSI NPT AW St

e

K-

— TN o

> 57
T - - e

SPuiasl k. Al AR AL 12 sors L WA DAL i o sinbihe o dbinitih it s By e Bl o il A riis Tt st { Al B Y cloliiia s o s lidin b caiis e o o teemcnastiaeand]

L ke B VMRS - i 2L v Pade L % e ks

#
Ny
o



TOTTTTIII T UTTTNOT MTETIAL T TR TR TS TR S T ST e N NS L T S R T B AT

L

circular scgments, with a width of 2.0 in. for the inner segments and
1.84 in, for the outer segment, and then multiplying the area of each

segment with the average measured stress for the segment, obtained from

e R et 2B R

the stress distributicn curves. The total measured force is then,

Pm =§ uAn - o, (92)

end the ratic Pm/Pz represents the weighted average overregistretion
or underregistration of the cells used in determining the stress distri-

bution curve, assuming that the actual stress distribution is wniform,

N SUVR I S t——

whica is unusual., In reality, the ratio Pm/PZ is A& mathematical ex-
pression for the relative position of the experimental stress distribu-
tion curve and the line (oc/oz) =0 . In ideal cases the ratic Pm/PZ
may furnish a check on and improvement of estimated overall registration
ratios, but in case of the WES tests the ratio Pm/PZ does not furnish

any new information aud is less reliable than the experimental stress

distribution curves, because Pm depends on extrapolation of the mea-

Gt T

B sured stress distribution curve from an offset of 14.5 in. to the cylin-

»

dricel surface at en offset of 17.84 in, The accuracy of the extrepo-

lated part of the stresg distribution curve is gquc¢stionable in many

i b B i mn o et BN st s el K D B it 1S 20 I O £ e e

cases and couses a corresponding unreliability in the computed values of

Pm/Pz . Computed values of this ratio vary from 0.78 to 1.11, but stress

. -t

distribution curves similar to those in Figure 58 would yield much Ligher

values of P_/P_ .

<

121. Influence of loading conditions. In discussion of the mea-

swed stresses at midheight of the test specimen, it was mentioned thet

the registration rati> of the pressure cells increases with increeasing

axial stress or the principal stress ratio, Figures 57 and 5E. This

agrees with the downward curvature of the soil-cell stiress diagram,

Figure 93, The oprosite epplies to pressure cells at the base of the

test specimen, Figure 9. Corresponding but greater changes occur in

the incremental registrution ratios, AOC/AOZ , which are readily deter-

mined by ihe secent slopes of the soil-cell stress diuwgrams for each

Lrh
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load increment, Figures 53 and 59. The results of the computations are
shown graphically in Figure 62, It is seen that the incremental ratios
increese “o about 2.0 with increasing axial stress, constant latereal
stresses, and a corresponding increase of the principal stress ratio.

On the other hand, pressure cells at che base of the test specimen are
subjJect to a relatively small decrease with increasing axial load. This
decrease is probably related to the end restraint and the increase of
radiel stresses with increasing axial stresses. It is seen that the
registration ratio is not a unique or constant property of pressure cells
measuring axial stresses in a test specimen subjected to uniaxial changes
in loads or stresses.

122. Changes of the cell registration ratio with the stress con-
ditions was investigated in much greater detail during the 1955 test
series, and the results are described in the next part of this report.

At this time it shall only be mentioned that changes in the cell regis-
tration ratio can be decreased or eliminated by supplementing changes in
axiel stresses with corresponding changes in lateral stresses or by main-
taining the principal stress ratio within certain critical ranges.

123. Influence of residual stresses. The foregoing paragraphs

deal primarily with changes in the applied axial stress and correspond-
ing changes in measured stresses. The total measured stresses include
also measurement of stresses caused Ly deadweight, by vacuum and corre-
sponding all-round soils stress, and by residual stresses after the
first loading cycle, Figure 53. The residuul stress reflects lccal
stress changes in soil adjacent to the pressure cell., Measured stresses
1rom deadweight and vacuum spbow only swall changes with cell o
capacity, Figure 55, and thcy are not affected appreciably by aepplied
axial loads. On the cother hand, the measured residual very greatly with
cell position, cuapacity, or compressibility, and they msy cause appre--
cieble changes in the snape and relative position of stress distribution
curves for total stresses. It should also be borne in mind that the
measured residual stresses represent not only true resicual stresses but
also stress changes caused by movement and improved seating of a cell

during the rirst loeding cycle,
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124k, Exumples of reeidual stresses measured by 50- and 100-psi
pressure cells at midheight and base of test specimen are shown in Fig-
ure 63. In all cases the residual stresses at 50-psi cells are larger
than those at 100-psi cells. At midheight the residuasl stresses decrease
to very small values at the surface of the tests specimen and attain an
unexplained maximum at an offset ratio (r/R) of about 0.45. For cells
on the rigid base plate the residual stresses increase from the center
towards the edge ¢f the test specimen, and 100-psi cells near the center
indicated small negative stresses. These results are probably caused by
end restraint and possibly also by small movements or sdjustments in the
seating of the cells.

125. Measurement of soil stresses with prassure cells withont
considering the influence of local residual stresses at the cells may
Yield quite misleading results, An effort should be made to determine,
counteract, or eliminate the influence of re¢sidual siresses at the cells.
The simplest and most direct method will probably be to preload the scil

over & cell to the uitimate stress after the soil cover over the cell is

sufficient to maintain the residual stresses. The preloading may be
accomplished by construction equipment or moveble weights. The differ-
ence between the cell readings before and after preloading gives an
approximate value of the residual stress, which in turn may be used to
establish new and ccumpensated zero readings of the cel. . Furthermore,
the preloading will probably cause an improved and more relisble asecating
of the pressure cell. Seating Lloads (vacuum) were applied in the test

series of 1955, and correspoanding changes in pressure cell indications

Cell Action Tests of 1955

Purposes and procedures

126. Principal objectives. The 1955 test series supplements that

of 1954, and the objJectives were to investigate not the stress distribu-
tion in the test specimen but the action or registration ratios of pree-
sure cells at comparable locations but with the cells oriented in differ-

| ent directions to measure axiul, radial, tangertial, and 45° diagonal

T
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stresses for uniaxial loading and elso for various triaxial loadings in
which the principal stress ratios in the test specimen were maintained
at constant values. Special tests were also made to investigate the ef-
fect of an inactive rim added to the standard 6-in. WES pressure cell
end to determine the angle of internal friction of the sand used in the
experiments.

127. Location of pressure cells. All cells were placed at an

offget of 9 in. from the axis and 9 in. above or beluw midheight of the

test specimen, Figure 51. Placement in the two rlanes was gelected to
gain more freedom in arrangement of cells or groups of cells. The angu-
lar spacing of the cells in the same plane was 90 to 120 deg, and cells
in two planes were offset by half of those engles. At this location or

a height ratio h/E = 9/35 = 0.257 and a radial offset ratio r/%x = 0.5,
the theory by Balle (1961) yields the theoretical axial stresses

0, = l.Och for uniform triaxial loading, Figure 45. These small devia-
tions from the average unit loads are neglected in the following evalua-
tion of the test data,

128. Equipment and test preparations. The triaxial testing equip-

ment and the sand for the test specimen were the same as those used in
the 1954 test series. The sand was compacted to a density of 108.5 pef
in all tests. Standard 100-psi WES cells were ugsed whanever possible
but were replaced with 50-psi cells in a few tests. A seating load or
vacuum of 13.26 psi was applied three times after completion of the test
specimen bLut before it was remcved from the forming Jacket. The forming
Jacket may absorb a cousiderable part of the lateral seating lcsed. The
axiel seating stress may attain its full nominal value at the end sur-
faces but it is gradually reduced by sidewall friction. At midheight

of the test specimen the axial seating stress may only be 4O to 50 per-
cent of the stress on the end surfaces. The vacuum during removal of
the forming Jacket was 2.5 psi, which was increased to 4 to 5 psi at the
start of most tests. A few pressure cells developed leaks to the space
below the interior measuring diaphragm, which was taken into congidera~
tion when eveluating the cell indications. Pressure cell No. 117 was

intentionally vented ufter possible leskage was discovered.
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129. ©Six-inch straln gages were placed at various elevations and
offsets in zome tests, but the rods of the st ain gages were often bent
during testing, and the results obtained by the strain geges do not ap-
pear to be reliable in & quantitetive sense and were not used in evalua-
tion of the test data., Outside axial and lateral deformations were mea~
sured in all tests, and the results are used and summarized in this
report.

130. Testing procedures. One series of tests were performed as

uniaxial stage tests. The vacuum or confining pressure during the first
stage was maintained st 4 pei, while the axial load was increased until
a relatively flat slope of the stress-strain diagram was attained,
Figure 6k, whereupon the applied axial loaed was gradually decreased to
zero. The vacuum wes then increased to 8 psi and a new axial loading
test was performed, which was followed by a third and a fourth test
series Loth at a vacuum of 12 psi. In another series of tests the prin-

cipal stress ratio was maintained at a constant value while the axial

and lateral loads were increased until a limiting vacuum or 03 = 12 psi
waa attained, whereupon the lcoading cyclec was repeated with another

principal stress ratio. ©Several cyclic soil-cell siress diagrems wvere
obtained for principal stress ratios of 1.0, 1.5, 2.0, 2.5, and 3.0.
After the final load cycle all tests were continued as uniaxial tesis
without further chenge in maximum vacuum until large axial straias or
practical failure of the test specimen occurred. The increment of the
axial increase or decrease of the unit load varied between 2 and 5 pei,
depending on the maximum load. The deadweight of the soil, tut not
residual stresses and strains at the pressure cells, was considered in
computing the total stresses and the principal stress ratios. Each type
of test was usually performed in triplicate. Variatioiis of the Poisson
ratiov for specimen 70 were computed from observed axial end radiael
strain and are tabulated in Figure Oh,

131, Summaries of test data, Detailed summaries of date for the

principal tests of 1955 are presanted in Table 4, which is sn uncorrected
copy of Table 1 in the Conference Memo of September 1955. The stresses

shown are averages of those indicated at the end of cycles and duplicete
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FRECKDING P

- nw"ﬁj.?
1
\u

Stress Pressure Cell No. Vertical Stresn — b

Ratio Pressure for Type Cyclic Total e Cyclic ;
Speci- Is Cell Stress Messured _Measured _Meagured Neas
™men Vertical Tlevation* ___Herizontal Applied Perzent Applied Percent Failure Applied
No. Horigontal in. Vertical Disgonal Radial Tangential psi psi_ Applied _ psi psi  Applied _Slope _ psi _ psl !g
" 3.0 35 91t - 108¢ -- 35.€ 8.u 136 40.7 9.0 145 -- .- )
L9 3.0 35 91+ -~ 108¢ -- 3L.8 Ls.0 i29 39.9 7.5 1Ly 0.155 -- -
50 3.0 35 86 -- 82 -- 34.8 470 135 39.9 57.0  1L3 0.452 - -~ X
S1 2.0 35 86 -- 82 -- 34.8 45.0 129 39.9 54.0 135 -- -- -~
67 2.5 26 82 83 119 8s 26.2  33.0 126 31.5 4.5 131 0966 18.2 19.9
68 2.5 26 82 83 119 -- 26.2 29.2 111 31.9 36.8 1164 0.570 18,2 1.2
€9 2.5 26 82 83 119 1004 26.2 31.2 119 31.8 39.7 125 0.501 18.2 19.4
67 2.5 [AR 86 118 117 108¢ 26.2 33.2 127 30.7 4.5 135 0.510 15.1 1.6 §
68 2.5 uL 86 118 2117 108+ 26,2 334 18 30.7 W.6 136 0.575  16.1 211
69 2.5 Ly 86 118 117 108t 26.2 31.2 119 30.7 37.6 122 0.49Y4 18.1 20.2
8 2.0 26 121 85 119 120 20.0  25.0 125 25.6 33.0 129 0.513 15.1 14.8
59 2.0 26 121 85 119 120 20.9  2L.8 124 26.6 33.3 130 0.512 15.1 17.0 1
50 2.0 26 121 8s 119 120 20.0 22.3 112 25.6  31.3 122 0.459 151 17.8 |
61 2.0 26 120 82 83 108+ 0.0 23.9 119 25.5 3.2 . 1256 0.505 15.1 7.2 4
62 2.0 26 119 82 83 121 20,0  22.5 113 25.6 31.0 121 0.566 1.1 17.0
63 2.0 26 119 8z 83 121 20.0 22.1 1l 25.6 29.5 115 0.478 15.1 17.1 4
55 2.0 Ly 91t 85 83 108¢ 20.0 20.6 103 2L.5 264 108 -- 15.0 16.7
% 2,0 LL 91t 35 83 208+ 2c.0  26.4 132 24,5 3Lk 1 0.463  15.0 1£.8 3
57 2.0 ulh 91+ 8s 83 108+ 20.0 26.9 135 2L.5 3L.7 1L2 0.557 15.0 1AL =
61 2,0 ul 5 136 86 117 20.0 23.6 118 2h.5 31,0 177 0.1429 15.0 6.8 ¥
62 2.0 Lk 85 118 85 117 20.0 24.0 120 245 30.6 125 0.515 15.0 16.0
63 2.0 Ly 85 118 86 117 20.0 24,0 120 2h.y 31.8 130 0.456 15.0 lg9.2
6L 1.5t¢ 25 83 82 108+ 4 1.1 13.3 120 19.3 23.1 120 0.1429 9.3 11.3
65 1.5 26 83 a2 19 84 1.1 12.3 111 19.3 21.8 112 0.501 9.3 12.1
€€ 1.5 26 a3 82 119 84 11.2 12.9 16 19.3 23.5 12z 0.475 9.3 11,4 3
64 1.5 1A 120 118 85 86 11.1 14.3 129 18.2 2.7 175 c.k72 9.3 10.8
65 1.5 Lb 120 118 86 117 1.1 13.4 121 18.2 24,2 133 0.481 9.3 1.3 ¢
66 1.5 W 121 118 86 108¢ 1.1 15.2 137 18.2 27.5 151 0.476 9.3 102 §
64 1.0% 25 83 82 105+ 84 10.1 1.6 124 15.7 20.9 133 -- 0.1 w.6
65 1.0 25 83 82 119 8L 10.1 11.6 11% 19.7 19.3 123 -~ 0.1 13.2
65 1.0 26 83 82 119 84 10.1 1.8 117 15.7 18.3 117 .- 10.1 12.5 3
6l 1.0 Ly 120 118 85 &6 10.1 12.8 127 1.6 19.3 132 -- 10.1 11.9
65 1.0 LL 120 1§ 86 h s 10.1 11.8 117 14.6 19.3 132 - 10.1 11.9
€6 1.0 Ly 121 118 86 108 10.1 14.7 146 14,6 2.6 155 -- 10.1 1.4
70 Congtant 26 82 83 119 121 33.0 .€ 12¢ 4o.2 52.6 131 0. 540 20.5 21.5

lateralss
7 Constant 26 82 83 119 85 33.0 Lk.0 133 40,2 57.0 142 0.5k 20.¢

lateral
T2 Constant e6 8z 65 119 83 330 L1.3 125 40.2 51.3 128 0.60L 20.5

latersl
70 Constant L 86 120 117¢ 108¢ 33.0 4l 126 39.] 51.5 132 0.3 20.5

lateral
71 Constent. Ly 86 120 n74§ 108+ 33.0 L5.5 141 39.1 5.5 145 0.kL1 20.5

lateral
72 Constant uy 85 120 n7y 8y 33.0 45.8 139 39.1 55.8 143 0.53C 0.5

lateral

* A1l cells located at 9-in. ofreet frot center of epecimen.
%+  Compuled using measured disgonal and horlzontal (radial) atresses.

4+ 50-psi cadaclity cells.

44 Tested subsequent to tests using a stress ratio of 1.0 (fourth, fifth, end sixth cycles).

4 An arproximate stress ratlo of 1.0 was obtalned by applying varving contining pressure only to gpLeclisens. Because of the welgh’ of the head pM

1.0 cannot be obtained. A

44 Testn using three confining pressures (4, §, and 12 pel) uppliezd in a‘ =ndirg order.

§ Cell 117 vented in Tests 70, 71, and T2.
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Table 4
S:ugary of Applisd &nd Measured Stresses in Triaxisl Test Speciwens
1955 Teat Sertes

Horizontal Stress

Diagonal Stress Measured -
Cyclic Total . Radiml Tengential Residual Stpi
Measurel ._Measured Applied Cyelic Tetal Cyclic Total erticel Dlegona Q
ent Fajilure Arplied Percent Applied Fercent Failure Cyclic Total Percent Per. ent Percent Percent  Streas Streasg K

ied _Slope psi psl_ Applied psi psi_ Applied _Slope psi pat _ psl_ Applied psi Applied psi_  Applied psi_ Applied pei s .

145

3 -- .- .- - - - -- - 11.1  13.6 12.0 108 143 105 - - - .- 3.6

LUk 0.455 .- -- -- -- .- .- - 10.8 13.3 10.8 10¢ 13.2 99 - -- - .- 6.0 - 0
u3 0.L92 -~ - -- - -~ -- -~ 10.8  13.3 11.€ 10T  13.1 98 .- -~ -~ - 3.0 -- %

%135 .- - - - .- . -- - 10.8 13.3 11.0 102 13,5 102 - - -~ - 2.4 0.0 >
3 0.566 18,2 19.9 109 22.0 23.6 106 0.,35 10.1 12,5 11.5 114 13.7 110 10.3 102  12.% 9 1.5 -3.5 0
316 0.570 16,2 21.2 116 @e 2.3 18 0.539 0.1 12,5 10.6 105 13,0 10L -- - -- -- 1.9 0.4

125 0.501 18.2 19.6 108 22.2 23.3 1095 ¢.549 10.1 12,5 1.1 110 12.7 102 e.1 g 1l.0 83 2.0 -0.5 -
135 0.510 18.1 18.6 103 21.6  £1.5 100 0,506 0.1 12,5 10.1 100 12,7 102 9.8 97 113 90 2.5 -0.5 a
E135 0.475 18,1 21.1 117 21,6 2.6 115 0.565 10.1 12,5 10.1 100 12.5 100 9.9 %€ 120 95 2.5 -0.3 o
122 0.4k 18.1 20.2 112 21.5 3.5 109 0.708 10.1 12,5 10.5 10k  12.3 98 9.9 9L 10.7 86 1.0 -0.5 A
129 0.912 5.1 166 11 19.1  21.3 12 0.£21 101 12,5 1.9 108 12.3 106 10,1 100 1.5 92 1.0 0.0
130 0.512 15.1  17.0 113 19.1  20.7 108 0.409 10.1 12,5 10.3 102 12,0 95  10.3 102 11.7 9k 2.0 -0.6 g
122 0.469 15.1 17.8 118 19.1 22.k 117 0.50 10.1 12,5 10,6 105 12,8 12 101 100 1il.9 95 2.t 0.0
§ 126 0.506  15.1 17.2 114 19.1  21.7 Ik 0.580  10.1 12.5 0.3 2102 2.k 99 107 106 12.6 101 1.7 0.0 oy
322 0.566 15,1 17.0 112 19.1 20.2 106 0.5L0 10.1  12.5 10.7 106 12.6 101 10.1 100 11.€ a3 2.5 -1.4 o
11s 0.4 15.1 17.1 1132 19.1 20.6 103 0.,03 101 125 105 104 126 101 10.2 101 12.1 97 1.0 -0.8
108 - 15,0 16.7 11 18.5  20.3 110 -- 10.1 12,5 10.1 300 11.6 93 101 100 321 97 ¢.9 -0.1 -
1o 0.L€3 15.0 16.8 112 18.5% 20.9 113 0.479 0.1 12.5 10.2 101 11.8 94 9.9 98 11.4 91 z.0 0.0

1k 0.557 1%.0 1.4 109 18.5 21.3 115 0.433 16,1 12.5 10.€ 105 12.8 102 9.6 95 11.0 a8 2.0 1.1 "
327 S0.45 1.5 100 iis 6.3 26.5 il 0.696  1%.1 127 1.2 ik iko 6 18y 183 1S 34 1.5 c.o

+12% 0.515  15.0 16,0 107 1.5 9.0 103 0.570 10.1 12,5 1.7 1} 13.4 107 9.8 97 1.3 90 1.1 0.0

1130 0. 466 15.0 19.2 128 18.5 23.3 126 0.LEY 10.1  12.% 12.3 122 13.8 1)0 7-4 73 8.8 70 2.2 -0.5

2120 ¢.L29 9.3 1n.z 1z2 15.9 17.1 107 0,15 7.5 12,4 8.3 111 13.2 106 8.2 109 12,1 97 0.4 -2.0

EJB G501 9.3 2.1 130 15.9 18,1 114 c.620 7.5 k.5 9.9 132 w.L 115 8.5 13 125 100 0.5 -2.L

t122 0.475 9.3 1.4 123 15.9 18,7 118 0.470 7.5 .5 9.5 15 13,9 11 §7 16 12,7 10 0.0 -0.3

1125 c.u72 ¢.3 1.8 16 15.4  16.0 10k 0.49%5 7.5 12.5 8.2 109 1.9 95 9.3 12F  13.L 207 -0.5 -1.7 .

$133 0.481 9.3 1.3 122 15.4 1.7 108 0.625 7.5 12,5 8.7 16 12,3 98 8.2 1 12,7 102 2.3 -1.9 R

151 0.476 9.3 10.2 110 15.4 15.7 102 0.571 7.5 12.5 8.9 119 22.) 97 8.0 107 2.6 101 1.3 -1.k o

}133 .- 101 12.6 125 L.l 17-1 122 - 10,1 12,5 11.0 109 13.7 110 9.8 97  12.4 99 1.6 -0.5 :

$123 .- 10,1 13.2 13 1.1 18.2 129 . 101 12,5 12.4 123 15.1 1) 10.1 100 12.5 100 2.1 -0.2 L

L7 —e 10,1 12.5 124 5.1 16.5 117 -- 10.3 12,5 1i.6 115 13,9 111 1.5 107  12.8 102 1.k -9.8 .

1132 .- 10,1 11.9 118 13.6  15.5 11k -- 10.1 12,5 10.8 107  12.2 W06 1l.5 11k 13.8 110 0.9 -0.k .
3 -- 10,1 11.9 118 13.6 157 115 -- 10.1 12,5 16.8 107 12,9 103 10.7 106 13.8 10 2.6 -0.2

: -- 10,1 1.4 113 13.6 13.8 102 -- 10.1  12.5 11.1 110 2.4 99 9.8 97 1.7 WU 2.7 -1.h

131 0.560 20,5 21,5 105 2.1 27.8 107 0.463 8.0 1.0 7.9 99 1.7 6€ 115 k27,1 163 2.0 9.5

ke 0.5 20,5 21.7 107 26.1  28.2 108 0,456 8.0 1.0 T7.b 93 .y 95 7.4 93 11,6 97 3.5 0.6

128 0.60L  20.5 19.0 93 26.1  2u.0 92 0.570 8.0 1.0 7.6 95 1.2 93 6.9 86 10.4 87 2.8 0.0

(132 0.983 0.5 20.1 98 25.6  25.L 99 0.5%6 8.0 1=z2.0 8.5 106 12,5 1% 6.7 84 10.2 85 2.2 0.5

<148 0.4l 20,5 21.3 10k 25.6 26.7 104 0.585% 8.0 1.0 7.4 92 10.8 90 6.5 83 s.6 82 1.6 0.0

“1b3 0.530 20.5 20.6 101 25.% 25.6 100 0.%1 8.0 12.0 7.7 96 10.9 9N 6.8 85 9.9 a3 1.3 0.0 0

‘ ;.

[T
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suse of the weight of the head plate and overburlen, an exact ratio of P .lT F
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Couputed

Tangential Regidual Stress Vertical Streas*»
Cyslic Total Vertlcal mugonaf Horizontal Stress Cyclic Total
Percent Percent  Streas Stress Red{sl Tangential Percent Percent
L Applied rsi  Applied psi pst sl psi __ vei_ Applied psi_ Applied
- -- .- . 3.5 .- 0.4 -- - .- -- --
- .- -- - 6.0 -- 0.0 -- -- - -- -
- -- - - 3.0 .- -1.1 -- .- -- - -~
- - .- - 2.4 0.0 0.0 -- -n -- -- -
.3 102 12,4 99 1.5 -0.% -0.5% -0.4 28.3 108 33.5 105
- -- -- -- 1.5 0.4 0.0 -- 31.8 121 33.6 125
.1 82 1.0 88 .0 -0.5 -1.0 1.0 28.1 107 3.9 107
-8 97 113 90 2.5 0.5 0.2 -0.8 27.1 103 30.5 9
-9 2 1.c 9% 2.5 -0.3 0.0 0.2 32.1 123 371 121
-5 ot 1.7 86 1.0 ~0.5 -0.6 -1.1 29.9 11k 3k7 113
.1 100 11.5 92 1.¢ 0.0 -0.2 «1.0 22.5 113 29.3 12
.3 102 11.7 94 2.0 0.5 -0.5 -1.0 23.7 119 29.y 115
.1 Joe il.9 95 2.€ c.0 -0.2 -0.6 25.0 125 32.0 125
.7 pla sl 12.9 1C1 1.7 0.0 0,0 -0.4 2L.1 121 31.0 121
3 10 1.6 93 2.5 .14 -0.6 -C.9 3.3 117 27.8 109
.2 w0 12.1 97 1.0 -0.8 -0.4 -0.6 23.7 119 28.6 112
D 120 2.1 91 0.9 -5 -1.0 ~0.5 23.2 1z 29.0 118
.9 48 11,4 91 2.5 0.0 -c.8 -0.8 "3.1 117 29.0 122
-6 9% 11.0 88 2.0 1.1 -0.2 ~0.9 22.2 11 29.8 122
[N 103 11.8 94 1.5 0.0 0.5 ~1.0 22.4 112 6.5 108
(R 97 11.3 90 1. 0.G -0.9 ~0.8 20.3 102 2Lh.6 100
L 73 G.o T z.2 -5.5 I Bl 0.0 24,1 131 2.8 13
.2 13 12,1 97 0.4 -2.0 -0.8 -1l 1L.3 79 21.0 109
i.5 1 12,5 10 0.5 ~2.4 -2.0 ~1.6 14.3 129 21.8 113
[ 1:€ 13 100 c.0 -0.8 -1.8 «1.8 1.4 321 23.5 1z2
n3 2L 13! 107 -0.5 1.7 -1.7 ~2.0 13.% 121 20.1 110
.2 109 12.7 12 c.3 ~1.9 -%.3 ~0.9 13.9 ph3s 211 216
1.C 107 12.6 101 1.3 1.4 -2.6 0.7 13.9% 122 15.3 e
1.6 97 12.4 9 1.6 0.5 0.0 0.3 4.2 15 20.5 13
1 100 2.5 100 2.1 -0.2 -0.3 0.0 14.0 139 21.3 135
»8 107 12.8 102 1.k -0.8 -0.% «0.5 13.h 133 19.1 12
L5 115 13.8 110 0.9 -0.4 -0.1 -0.5 13.0 129 17.8 122
27 106 13.8 110 2.6 0.2 -0.9 0.6 13.0 129 1£.5 12
3.8 g1 11.7 9k 2.7 -1.4 -1.1 -0.4 11.7 116 15.2 100
L.5 1Ly 17.1 143 2,0 0.5 -0.? <0.1 35.1 106 13.9 109
7.u 93 11.6 97 3.5 0.6 0.2 0.5 36.90 109 L5.0 12
5. 86 10.L 87 2.8 0.0 -0.2 v.u 3U.b ¥ 36.5 9z
5.7 84  10.2 8s 2.2 0.5 -0.2 0.2 31.7 9% 38.3 98
5.6 83 9.8 82 1.6 0.0 -0.3 0.0 39.2 107 2.6 109
£.8 85 9.9 83 1.3 0.0 -0.7 -0.3 33.5 102 40.2 103

COPY AVAILABLE T0 DOG DOES NGO
PERMIT FULLY LEGIBLE PRODUGTION
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tests, The failure or final slope is that of a straight line replacing
vhe last part of the soil-cell stress diagram. Likewise, cyclic test
data may be represented by secants or straight lines between average
stressec for the maximum cyclic loads. However, replacing slightly
curved dilegrams by straight lines may result in misleading genereliza-
tions, as explained in more detailed discussions of the test data. The
applied diegonal stress is one-~half the sum of applied axial and radial

stresses, or o, = 1/2(0z + or) . Conversely, the computed vertical or

axial stresses gn the last columns of the table are obtained from mea-
sured disgonal and radial stresses and oz = 2od - or .

132. Table S presents average values of measured deformations and
corresponding moduli of the test specimen. Tabie 6 contains average

values of registration ratios for the various types of tests, based on

Table L, plus average asxial and radial deformations of the test specimen.
The results of tests with a 6-in. cell plus & 3-in. inactive rim are
shown in Figures 95-97, but the results obtained with internal strain

gages and preliminary tests with a shear cell are not summarized in this

repori, Special tests with the large triaxial apparatuc were performed
< ’ to determine the angle of internal friction of the sand used in the

test specimens for investigation of pressure cells. Angles of internal
friction obtained with the large triaxial device varied between 38.8 and
S 40.8 degrees, and the average was 39.4 degrees, which is one degree

5 - larger than obtained with standard triaxial equipment.

Axial stresses for unaxial loading

133. Tests performed. Tanree test specimens, Nos. TO-T2, Were sub-

Jected to axial stage loading for partial vacua or confining pressures

of b, 8, and 12 psi, applied in ascending order. Pressure cells were

placed both above and below midheight of the test specimen or at eleva-

tions 26 and 44 in. above the base plate. The results obtained with the

three test specimens are in satisfactory agreement, and only the data for

test gpecimen TO are presented and discussed in the following paragraphs.

134, Stress-strain relations for triaxial specimen. Stress-

strain diagrams for uniexial stage loading of specimen TO are shown in

Figure 64, which clearly indicate the previously mentioned loading

i8s
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procedure. The confining pressures are identical for the third and
fourth cycles, and cycle four is therefore a true cyclic test. The
modulus of deformation for the first stage and cycle was determined by
the secant tu the point of 0.02 percent strain; the moduli for the other
cycles were determined by straight lines which represent the best fit
for the fairly straight parts of the diagrams.

135. Meosured axial stresses, Results of the pressure cell tests

are sunmarized by the soil-cell stress plots in Figure 65, which shows
the axial stiresses indicated by the pressure cells versus the correspond-
ing unit loads, Soil-cell stress diagrams for cycles 2 and 3 are not
shown in Figure 65 since they are intermediate between those for

cycles 1 and k4, and the loading in these two cycles was not continued
until large deformations were attained. Before further evaluation of

the test dats is presented, it is appropriate to summsrize the princirpal
definitions and equations of the simplified theory for interaction of
soil and & pressure cell.

136. Definitions and simplifjed theoretical relations. Taylor

(1945) mentions that the cimplificd theory for pressure cell action
actually should be applied to incrementel loeds and pressure cell indi-
cations, but he omitted the incremental sign, 4 , for convenience and
used total stresses and deformations, which does not introduce signifi-
cant additional errors in linear relationships when the moduli of defor-
mation of sovil and cell, MS and Mc , are fairly constant. However,
there is considerable difference betweern equations and relations for in-
cremental and total stresses and deformations when the stress-strain
diagrams are curved, as shown in Figure 66. The following summary ap-
plies primarily to incremental reletions and the correaponding sign,

4 , is reintroduced when appropriate. The overregistration of a pres-

sure cell is defined by

Aoe = Aoc - AoZ or ¢ =0, ~0, (93)

since the definition applies to Loth incrementel and total stresses,

The corresponding strains are
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be = —= and Aez =2 (9L)

where the modulus of the cell, Mc » is reasonably constant whereas Ms
is the tangert modulus of the soil as defined by the stress-strain curve
and varies throughout the test. The secant modulus is commonly used for
total stresses but the reliability of this procedure depends on several
factors, especially the initial stress conditions of individual tests.

Thae strain differential is

Ae, = be_ - he  or e =€, - & (95)
This definition is used and valid for both incremental and total strains,
but the total strain cannot be ccmputed by the simple equations for in-
cremental strair (94), since Ms is a variable. The movement of each
face of & pressure cell with respect to the soil, ée or Aﬁe » is

called the indentation in this report and is determined by
AGe = BAee (96)

when B 1is one-half the thickness of the pressure cell and of the soil
layer under consideration. In the simplified theory for interaction of
soil and cell it is assumed that the indentation also can be expressed

by

88, =D g (97)

where D is the diameter of the pressure cell and NS is an indenta-
tion coefficient wnich is a function of the modulus of the soil, MS
When the modulus of the soil varies it is expedient to introduce the

indentation ratio

Ns
K = e (98)
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which is assumed Lo be a constant for a given soil condition, as an ap-

proximation. The relation between strain differential, incentation, and
overregistration of the cell may be written

Ao

- =D __e
86, = BAr_ = i — o (99)
s x
and
Ace B
TR BACe =D KSAEe (100)

S

With the reservations indicated above, these equations may also be ap-

plied to total stresses and straing in the evaluation of test data; that
is,

Zlmo
[}
(=] o]
=

™

Ce (101)

[£]

Referring to the discussion of the simplified theory for soil-cell inter-~

action, Part II, paragraphs 28-67, the registraetion ratio of the cell
may be expressed by

and the maximum value of this ratio is attained for MS/Mc = Q0 , which

yields

Aoc B
max KE; =1+SK (103)
193
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Equations 102 and 103 apply primaerily to incremental loads and stresses.
The equations may be used for total loads and stresses when Ms and Mc
are constant, but they will in most cases yleld unreliable results when
either one of the moduli varies with the stress conditions. When the
ratios (Ace/AEe) or max (Aoc/Aoz) are determined by experiments, values
Ks can be obtained by Equations 100 or 103, which solved for Ks take

~he form
Ao
=D __el
K =S 3 M (10k)
e s
and
Ag
=D £
KS =3 (ma.x 5, - ) (105)

The problems caused by nonlinear stress-strain relations are discussed
in several textbooks on the mechanics of continuous media or solids; for
example, Erlingen (1962) and Fung (1965).

137. Overregistration versus strain differentials. It is shown

in the simplified theory for interaction of soil and a pressure cell,
Part II and the summary in paragraph 135, that overregistration of a
pressure cell, 6, = 0, = 0, , may be expressed as & function of the
difference between deformation or strain of the soil and cell,

sc = e5 - ec . In an effort to investigate this relationship, corre-
sponding velues of % and €, for specimen TO and cell 82 are shown
in Figure 66. The values of os = GZ and es = ez are average values
for the test specimen and do not represent stress and strain concentra-
tions close tc the pressure cell; likewise, R and €, are average
values for the pressure cell. The deformations of the pressure cell wvere
computed by € = oé/Mc , and Mc = 45,000 psi, where oé =0a, ~-u and
u is the numerical value of the vacuum. The diagrams in Figure 66 are
similar to the stresc-strain diegrams in Figure 64, and a large part of

the deformations or strains in the soil are potential residual strains,
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since the recovery of soil streins during the decreuase of loading between

the various test cycles is small. The diagram also indicates residual

axial stresses, because the axial load is not decreased to zero at the

/ end of a loading cycle but only to stresses corresponding to the vacuum

or confining pressure for a particular cycle. The similarity between

i the diagrams in Figures 64 and 66 indicates a relationship between over-

registrations and strain differentials. In the simplified theory this

relationship is assumed to be represented by Equation 97 and equations

derived therefrom, which have the principal parameters Ms and KS .
138. 1Incremental values of the modulus M, and the irdenta-

tion ratio Ks may be determined by the diagrams in Figures 64-66, or

directly from the underlying experimental data, which yield the values

! of MS and Ks shown in Figure 67. The computed strains and strain

! differentials are often very small and at the limit of reliability of

the measurements, which causes appreciable scattering in the computed

values of KS . The diagrams in Figure 6Ta illustrate the large varia-

tions of Ms during single tests and in different cycles, which give

same indication of potential errors that may be caused by use of a

Ca e atanb Lo R Lio el g

single value of Ms . The scattering of individual values of Ks in
Figure 67b is too great for reliable formulation cf equations for changes
cf KS during a test. All values of Ks computed from experimental

f data are much greater than those obtained by the theory of elasticity
and used in examples of the simplified theory for action of soil pres-
sure cells, but the values of Ks in Figure 67Tb are of the same order

of magnitude as those obtained from maximum total and incremental regis-

P SO O RS B T

) tration ratios, which in part are caused by changes in the external load

distribution, as expleined in the following paragraphs. Such a change

contributes to the large values of Ks in Figure 67b, but the large

values of KS may elso indicate that the simplified analysis of soil-
cell interaction is in need of revisions.

139. Total registration ratios. The total registration ratio is

oc/oz , Where . and o, ere the total changes in cell indication \\
and in the axiel stress from the start of the test to the applied axial i
stress oz in & single test cycle. Values of oc/oz for cycle &4 of f
1
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the test with specimen 70 are shown by the diagram in the upper pert of

Figure 68a as a function of the principal stress ratio, ol/o3 , which

permits a direct comparison of diagrams obtained in cycles with differ-
ent confining pressures. The relation between the applied stress o

and the principal stress ratio is determined by the following equations:
the confining pressure and minor principal stress is 03 = -u ; the
deadweight is g, = 3.2 psi; and the malor principal stress is
01=OZ+00+03.
ol/o3 ,» the total registration ratin oc/oZ is less than 1.1 and in

At the start of a test and at low values of oZ or

fairly good sgreement with values obtained by the simplified theory for
cell action. This ratio increases slowly with increasing o, until
ol/o3 attains a value of about three whereupon a rapid increase starts

and a maximum oc/oZ = 1.37 is reached at o/o_ = 4.2 , corresponding

to o = 35 psi in Figure 64, The indentation 3atio KS at. the maximum
value of oc/oZ = 1.37 may be determined by Equation 105, which yields
Ks = 12{1.37 - 1) = 4.4 . Much greater values of Ks are obtained for
incremental loads as shown in Figure 67 and discussed in the next
paragraph.

140. 1Incremental registration ratios. The simplified theory and

currently available more rigorous theories for interaction of soil and
pressure cells assume that the modulus of the soil is constant. As
shown, Figure 67, the modulus of deformation of sand decreases with
increacsing axial stress and deformation for uniaxial loading, but the
change of the modulus during a single load increment may be small.
Therefore, the simplified theories and available more rigorous theories

apply to incremental registration ratios rather than to total registra-

tion ratios wvhen the modulus of the sand changes during a test. Incre-
mental registration ratios, Aoc/AoZ , may be determined directly from
test records or from soil-cell stress diagrams, Figure 65. Results ob-

tained for cycles 1 and % in tests with specimen 70 are shown in the

lower part of Figure 68a.* Values of L\oc/AoZ for cycles 2 and 3 fall

* Alternative diesgrams for incremental registration ratios are shown in
Figure 68b to facilitate comparison with similar diagrams for other
tests.
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between the two diagrams but are not shown since the loading in these
cycles was not continued until maximum values of Aoc/Aoz were attained.
here is but little difference between total and incrementel ratios
until 01/03 = 2 ; thereafter the incremental ratios increase much faster
than the totel ratioces and attain maximum values slightly above 2.0, The
corresponding indentation ratio is obtained by Equation 105 or

K, = 12(2 - 1) = 12 , which is many times greater than that cbtained by
theory for elastic materials, see Figure 14 in Part I, but it agrees
well with values of Ks as a function of overregistration and strain
differential, Figure 67. The maximum value ot Aoc/Aoz oceurs at

ol/oz = 3.2 for cycle 1, corresponding to o, = 5.6 psi, and at

ol/o3 = 3.6 for cycle 4 corresponding to o, = 26 psi. These values of
o, are shown in the stress-strain diagrams in Figure 64, and it ic seen
that the maximum values of Aoc/Aoz occur at applied axial loads

smaller than those causing failure or large deformations of the entire
test specimen. Stress concentrations undoubtedly exist in the sand
around the pressure cell, and it is possible that these stress concentra-
tions cause local failure conditions at the above mentioned values of

oz , which in turn mey explain the rapid decrease of Aoc/AoZ immedi-
ately after the maximum is attained; see following paragraphs.

141. Comparison of total and incremental registrations. The

difference between total and incremental registration ratios s own in
Figure 66a is expleined by the fact thrt the Aoc/AoZ curves are
derivatives of the 00/07 curves, However, it should be noted that thne
incremental values (Aoc/oz) are plotted against the average valucs of
(01/03) for each increment, whereas the total values (oc/oz) are

plotted against the end values of o, for eeach load increment. There
is no difference between these registration ratios when they are

independent of oZ cf ol/c The simpiified theory for interaction

of soil end cell, as well asBSome of the more rigorous theories are based
on the assumption that the soll modulus, MS , 15 constant. Therefore,
these theories should not be expected to yield reliable data for the
registation ratios for nonlinear stress-strain relations in a partic-

ular test, but the theories may be applied to incremental loads and
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registration ratios, when variations of Ms during each load increment
are negligible. Even then, errors mey be caused by the fact that the
linear relationship between force and indentation, indicated by Eque-
tions 99 and 100, is valid only for small stresses and indentatione, as
demonstrated in the nexv paragraph and in Figure 69.

142, Test data versus the simplified theory. Considering the

data presented in the foregoing paragraph, the following comments deal
primarily with incremental registration ratios and results obtained by
the siaplified theory for interaction of soll and pressure cells. For
principal stresgs ratios ol/c3 less than 2.0, the difference between
oc/oZ . Aoc/Aoz , and results of the simplified theory are relatively
small, but & raepid increase in Aoc/Aoz followed by a rapid decrease
occurs for values of 01/03 greater than 2.0, as shown in Figure 68a.
The first pert of this increase 1s explained by the conver. stress-strain
diagrams for the test specimen and the corresponding decrease in MS
with increasing o  or ol/o3 , Figure 67. The maximum values of
AuC/Aoz are usually between 2.0 and 2.1, which are much greater than the
values obtained for (MS/MC) = G by Equation 103. The rapid incrcase
of Aoc/AoZ may be caused by a change in load concentration from the
rim to the center of the cell at failure of adjacent s0il. Such a
change in load distribution was originally suggested by Terzeghi (1943)
for plate loading tests, Figure 8, and it is supported by the behavior
of a WES cell plus an inactive rim, Figures 95-97. Although the WES
pressure cell is much less sengitive 1o nonuniform stress distribution
than a pressure cell with an exposed and fixed diaphragm, a change in
stress concentration from the slotted rim to the center of the cell prob-
ably causes uan lncrease in cell registration. It should be noted that
the maximum vulues of AoC/AoZ occur at, values of ol/o3 corresponding
to the rising part of the stress-strain curve, Figure 6. However,
stress concenirations uround the pressure cell cause failure conditions
there before such conditions are uttained for the entire test cpeclinen.
The rapid decrease of AOC/AUZ after the maximum strength 1s attuelned
corresponds to a sudden slnkage in plate loading tests. The results of

such a test in sund with u relative density of 89 percent is shown in
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Figure 69a. The load-sinkage diagram is curved instead of teing linear
as assumed in the simplified pressure cell theory, Equations 99 and 100,
and a sudden sinkage of the plate occurs for a load corresponding to
failure conditions in the sand. The bulge of soil and sudden sinkage cof
the plate occur only in relatively dense cohesionless soils, but an in-
crease in the slope of the load-sinkage diagram occurs in most soils at
ipitial failure of the soil and is conspicuous in clay, Figure 69bv. It
appears that the ususal relations between unit load and overregistration
of a pressure cell mey become unreligble at stresses corresponding to
failure conditions of the soil in which tne cell is embedded.

143, Pocket action prcblems. A possible cause of large over-

registration ratios for a pressure cell is that a lens or pocket of
denser soil was formed around the cell during installation procedures
or previous loading cyecles. Such a pocket of more rigid soil would in-
crease overregistration of the cell; Taylor (1945, 1947). The incremen~-
tal registration ratio diagrams in Figure 68 are well separated because
of residual strains after each loading cycle, but the form of the dia-
grems and the maximum values of Aoc/AoZ ere nearly identicel, whereas
the starting registration ratio is greatest in the first cycle. There-
fore, it appears that pocket action did not occur during testing in me-
dium dense sand, and changes in the incremental registration ratio can be
explained better by the convex form of the stress-strain diagrums, Fig-
ure 64, and by the shape of load-sinkage diagrams, Figure 69. Howevcr,
the possibility of formation of pockets of denser sand around cells in-
stalled in loose sand cannot be excluded and should be investigated.
1Lk, Test data versus rigorous theories by Eshelby-Askegaard.

Ueing basic equations by Eshelby, a rigorous theory for the interaction
of an elastic medium and a rigid ellipsoidal inclusion was developed by
Askegaard (1963) and is reviewed in Part II of this report. A rigid
inclusion corresponds to & very large value of Mc/Ma for a pressure
cell or to the maximum incrementel registration ratiovs obtained ia the

WES experiments. Theoretical resulte obtained by Askegeard for uniexial

loading of an elastic medium are shown in Figure 35a as & function of

the Poisson ratio and the diameter-thickness retio of the rigid

204




inclusion. Assuming a Poisson ratio v = C.3 for the soil and witl a
thickness-diameter ratio orf 1/6 for the WES pressure cell, Figure 35 by

Askegaard ylelds a registration ratio of 1.1 wherezs the maximum regis-

tration ratio of the WES cell near failure was 2.0 to 2.1. These high
values of oc/cs cannot be explained by the Ackegaard theory, which
considers only elastic but not failure conditions. As will be demon.-
strated in later parasgraphs, the high values of oc/os obtained vy the
WES cells necar failure of the soil are probably canused by a change in
modulus of deformaetion of the soil plus a shift of the load concerira-
ticn from the edge to the center of the cell at failure of the soil.

145, Test data ard finite element arnalysic by Bates. A finite

element anaslysis of a pressure cell in a free field has been performed
by Bates (1969) and is reviewed in paragraphs 68-94 of this report. The
anelysis is epplied to a small cell with an inactive and tapered rim,
and the exial rigidity is much larger than for the WES cell. The cver-
registration of the Bates cell is much less influenced by changes in the
modulus of the material in which the cell is installed. Furthermore,
the theoiry and experiments by Bates were not extended to failure condi-
tions in the soil, and they should not be expected to agree with or
explain the large overregistrations of the WES pressure cell.

Axial stresses
for triaxial load changes

146, Previous experiments. Most investigations of the action of

s0il pressure cells have heen performed in challow conteiners with solid
and rigid walls. An increase of the axial unit load also causes an in-
crease in the radial or confining unit load, corresponding to the earth
pressure at regt. However, it must also be taken into consideraticn
that axiael stresses caused by a surface load decrease with increasing
depth because of the influence of :idewall friction. Various methods
have been devised to determine and counteract the influence of sidewall
friction. Axial loads are usually applied through a rubber cushion or
as alr or water pressure on a rubber membrane covering the soil in order
to decrease radial restraint and nonuniformity of stresses. A rubbher

cushion may also be used in contact with the rigld bottom of the
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contained when simulating pressure cells in a rigid wall or slab, but
the action of a pressure cell in a free field cannot be properly simu-
lated unless there is an adequate distance between the cell and the
bottom of the container and unless the soil cover is sufficient to de-
crease surface effects to an insignificant amount. As examples of early
investigations, reference is made to the first tests and report on soil
pressure cells by the WES (194k4) and to the investigations by Peattie
and Sparrow (1954).

147. 1In order to decrease the influence of sidewall friction and
to obtain better control of lsteral stresses, Plantema (1953) performed
calibration tests with pressure cells in a special triaxial device
having & s0il specimen with a diameter of 95 cm and a height of T2 cm,
surrounded by a rubber membrane and placed in a pressure chamber, Fig-
ure 43, so that positive radial loads could be produced. Furthermore,
axial loads were applied through rubber cushions at the top ard bottcm
of the test specimen. A constant ratio between axial and radial unit
loads was maintained in each test. Piantema found that the registration
ratio for a particular pressure cell was subject to cnly small changes
vhen the principal stress ratio remained constant. The tests indicated
a slight decrease in the cell registration, Figu‘e L3c, with increasing
rautio between axial and radial souil stresses, and the cell exhibited a

slight underregistration.
148. Influence of vacuum in the triaxial device. As mentioned

previonsly. the WES triaxiel device uses vacuum in the soil pores to
produce radial or confining pressures. The influence ¢f such a vacuum
on the evaluation of the test data has not yet been discussed, since the
vecuumn was maintained at a constant magnitude during individual uniaxial
tests. Both the vacuum and the applied axial load were varied simul-
taneously during tests, as discussed below. First of all, the stresses
in the s0il of the test specimen are identical whether they are produced
by & vacuum in the soil pores or Ly a positive outside pressure on the
encasing rubber membrane. The vecuum, u , is a negative pore pressure

with respect to pressure of the surrounding air, and the confining

radlal pressure is
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g, = «u (106)

With an applied unit axiai load o, » @ deadweight that produces an
axial stress 9 at the elevation of the pressure cell, and beairing in
mind that the vacuum produces the soil stress o, in all directions,

3
the total exial and major principal stresses are

g, = o, + g, + oq (107)

The deadweight does not change during individual tests, and a change in

the axial soil stress can be expressed by

Ac = Ao+ Ao (108)
2z o

The deformations of the test specimen should correspond to these strecses
and eppropriate values cf the soil moduli and Poisson ratios, but the
total axial and radial deformations were also measured during each test.
149. An increase of the vacuum in the pores of the soil decreases
the air pressure on the outside of a pressure cell, but this increase is
counteracted by an equal increase in the effective soil pressure. Dis-
regarding the effect of stress concentrations and of a possible slot in
the rim of the cell and assuming that the pressure in the interior of
the cell is maintained at a constant value (for example, by venting the
cell to the outside air), the interior diaphragm of the cell will not
react to a change of vacuum in the soil pores plus the corresponding
change in soil pressure, and the cell acts as a rigid inclusion. The
interior of most pressure cells in current use is hermetically sealed,
and compression of the entrapped air may cause small changes in the
deflection of the measuring diaphragm and corresponding indications of
the cell, which in most cases are taken into consideration by calibra-
tion of the cell. On the other hand, when the interior of the cell is
vented to the g0il pores, the pore vacuum and changes therein also act

below the measuring diaphragm, and the cell indicates only changes in
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effective soil pressure on the face plate.

150. The WES pressur2 cell has a slot in the rim of the face
plate to enable it to deflect. Air and water, but not scil, can enter
this slot and counteract air and water pressures on the face plate. Con-~
sequently, the calibration factor for air and water pressures on the
cell, Fu , is greater than the correspondirg calibration factor for
soil pressures, FS . With the corresponding dial readings 5, and 8
of the cell anslyzer, the calibration of the cell for hydrostatic pres-

sure yields

= ™
bu = As T (109)

whereas calibration for direct load or soil pressure, Figure 5, yields
bo_ = As ¥ (110)

An increase in vacuum in considered negative, and it causes a positive

increase in the effective soil pressure

Aou = A03 = =Au (111)

Concurrent changes in vacuum, Au , and in the sxial unit load, Aoz .

will then cause a total change in c¢ial reading, & which can be

oct ?
expressed by the foregoing equations as

Aopt Aou A Aoz Aoe
FCF. YR TF TFE (112)
s s u s S

where Aoe is the overregistration of the precsure cell. Rearranging,

using Equation 111 yields

Ao Ao
ct 3_1

F + FoSF (A03 + Aoz + Aoe)
s u s




or after multiplying by FS

= Ao, + Aoz + Aoe (113)

The equivalent measured change in 30il). stresses, Aoc » 1s then

F
AG = A0, + DO, == = AG_ + AG_ + AC (114)
C Z e

et 3F 3
u

and consists of the stress corresponding to the cell indication, A¢ R

ct
plus the centribution of the vacuum
Fs Fs
AcB 7= -Au'F— (115)
u u

which is measured separaiely by & mercury or mechanicel mancmeter but
not by the soil pressura cell. The ratio FS/Fu represents the in-
fluence of the circumferential slot in the face plate and varies between
0.78 and 0.92 for WES pressure cells. The ratio is not equal to the
ratio between the area enclosed by the bhottom of the slot and that of
the face plate since it also reflects the stiffness of the flexible rim,
which is not the same for all the cells.

151. The incremental overregistration of the cell may be ob-

tained from Equation 114 and is
Ao, = 4o - (AoZ + A03) (116)
and the corresponding registration ratio is

Ao Ao
C I'ad

20 o ¥ Bo (117)
s z 3

where the incremental soil stress is defined by Equation 106. The
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A

deformation of the pressure cell corresponds to the actusl cell indica-

tion Aoc and not to the total change in stress, Aoc ; therefore the

t
incremental cell strein is

Ae = 118)

The incremental soil strains may be computed from the incremental axial
end leteral soil stresses, using appropriate values of the soil moduli
and the Poisson ratios., However, these coefficients may vary consid-
erably during a single test, and more reliable average values of the
strains are usually obtained from outside total axial and radial defor-
mations which were measured in each test. With an axial incremental

strain Aes , the soil-cell strain differential is

c
[y
i
{3
I
]
C
~—
[
[
\0
s

In tests with concurrent changes in vacuum and applied axial load, the
overregistration of the soil pressure cell and the registration ratio
are determined by indicetions of both the pressure cel. and an outside
manometer, and these quantities are not as simple e~” significant as in
tests with uniaxial load cheanges. Therefore, the relations between
overregistrations and strain differentials were not investigated in
tests with trisxial load changes.

152, WES 1955 tests with triaxial load changes. The tests for

triaxial Joad changes were essentially conducted with maintenance of g
constant principal stress ratio in each test series, and this ratio was
varied from 1.0 to 3.0 in the five test series performed. The principal
stress ratio is

o o, +0 +ag

1l _ 3 Z o]

= = (120)

3 3

where 03 is numerically equsl to the pore vacuum, oz is the
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applied axial unit load, and S is the stress corresponding to the
deadweight of the soil in the test specimen above the level of the pres-
sure cell being investigated. It was not always possible to maintain
the desired principal stress ratio at small values of o, because of
the influence of the constant value of o, - The tests were usually
started at a relatively low vacuum of 2.5 psi. The vacuum and the
applied axlal stress oz were increased in steps until the vacuum
attained 12.5 psi, whereupon the loads were gradually decreased to the
initial value and at least two cyclic tests were performed. After the
last cycle the tests were continued with uniaxial loading and a constant
vacuun and confining pressure of 12.5 psi. The maximum values of the
vacuum were increased slightly in tests with a constant principal stress
ratio of 3.0. The maximum vacuum during the cyclic part of the tests
was 13.3 psi and this was increased to a constant vacuum of 1L4.0 psi
during the final part with uniaxial loading. 1In the test series with s
nominai principal stress ratio of 1.0, the test specimen was suvjected
only to vacuum and deadload but not to any applied axial lcad; however,
the deadload oo prevented actual attainment of a stress ratio of 1.0.

153. The results obtained in test series with various values of
the principal stress ratic were so uniform and similar that all can be
described in a single paragraph. The test data are shown in following
figures,

Principal
Stress Ratio Figures

3.0 70,71,72
2.5 73,74,75
2.0 76,77,78
1.5
1.0

79,80,81

82,83,8l4

The stress-strain diaegrams and the soil-cell stress diag.ams are nearly
straight during cyclic loading, and they yield nearly constant values of
the £0il modulus and the incremental registration ratios in the cyclic
part of the tests, but the incremental registration ratios increase
moderately with increasing principal stress ratios. During the uniaxial

loading, following the cyclic loading, these ratios increase rapidly
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before and decrease after failure of the soil in the test specimen, as
observed in the foregoing tests. The maximum value of the incremental
registration ratioc during the final loading varied between 2.08 and
2.30., It should be noted that a final uniaxial loading wes not performed
on test specimens with a principal stress ratio of about 1.0 during the
cyclic loading, since these test specimens also were used in subsequent
tests with a principal stress ratio of 1.5.

154, Comparison of types of loading. Typical results of tests

with uniaxial loading are shown in Figure 68 and discussed in the
appurtenant text. The great variations in the incremental registration
ratios are caused by differences in lateral louding or confining
stresses, by changes in the soil modulus, and by a snift in concentra-
tion of external pressures from the rim to the center of the presswe
cell, when approaching failure of the soil, followed by & rapid decrease
in bearing capacity or penetration resistance of the soil immedia’ely
after failure. The total and incromentel registretion retios and govern-
ing factors are much more stable when the principal stress ratio in the
test specimen is maintained at a fairly constant value during a particu-
lar loeading schedule. Details of such tests are presented in Fig-
wes T0-84 and are summarized in Figure 85a and b. The total cell
registrations in Figure 85a include residual stresses. Corresponding
incremental registration ratios vary with the principel stress ratio
but are nearly constant for & given value of the stress ratio as shown
in Figures 72, 75, 78, 81, 84. These incremental registration ratios
are plotted in Figure 85b and there compared with data obtained in tests
with un’axial loading. The incremental registration ratios for the two
types of loading ere in good agreement when considering the principal
strees ratio and the loeiing cycle. However, a deviation occurs for
(ooloq) = 1.5 , wkich undoubtedly is caused by the fact that test
specimens in the loading series already had undergone a full series of
loadings by vacuum or a principal stress ratio spproximately equal to
unity.

155. The test date summarized in Figure 8.a and b chow that

the axiel cell stresses or registration rauvios increase with increasing
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principal stress ratios, 01/03 , which in part may be ceused by the
concurrent decrease of the soil modulue, see upper part of Figure 85b,
The test data disagree with the experimental data by Plantema, Fig-

ure 43c, but the modulus of the Plante . pressure cells are only a
little above or below that of the soil and the registration ot the
cells is very sensitive to changes in the soil modulus. The test data
in Figure 85b also disagrees with theoretical data by Askegaard and Bates
for low values of the Poisson retio, Bates assumes v = 0.27 , but
Askegaard obtains the opposite results for Ligh values of the Poisson
ratio, Figure 35b. The WES test specimens of medium dense sand appear
to have high values of the Puisson ratio, and even exhibit expansive
charecteristics, see Table 2. In this case the test data in Figure 85b
would concur with the Askegaard theory. The WES pressure cell has a
modulus which is moderately larger than that of the scil, but it reacts
to changes in vacuum as & rigid inclusion. The above mentioned theories
were developed for linear elastic conditions and they do not consider
the infiluence of changes in the soil modulus and consequent changes of
the registretion ratio, as shown by Equation 23 of the simplified method
of anelysis, which yields results similar tc the experimental data in
Figure 85b. The inelastic swelling cr consolidetion of scils, and
corresponding irregular velues of the Poisson ratic, may alsoc have some
influence on the registration of pressure cells, but this influence has
not yet been edequetely investigated. Some of the many factors which

govern the re of a pressure cell are partially interdevendent
and may counteract each other, It is difficult to separate the in-
fluence of the individual factors, and care should be exercised in for-

mulating general conclusions.
156, Calibration and control tests. Soil pressure cells are

usually calivbrated in the laboratory by direct loading of weights or by
uniaxial air loeding es shown in Figure 3, both correspond to

(03/01) = 0 . It is desirsble to perform control tests for & given type
of preussure cell and s0il tou determine the relation between registration
of the pressure ceil during laboratory calibration and under stress

conditions in the field. If there is an appreciable difference in
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registration of the cell for the two conditions, a correction diagrem
should be developed, similar to that proposed by Bates (1969) and Fig-
ure 42 in this report, but such a correcticn diagram should be based on
or verified by experimental data end not on theory alone. The WES test
data show that variations in incremental registration ratios are rela-
tively small when determined for the second or third cycle of loading
during which the principal streses ratio is maintained at some constant
value below (01/03) = 2.5 . It may be advantageous to perform such
control tests with the soil placed in laterally confined soil, providing
the sidewall friction is practically eliminated by use of a stacked
ring device, consisting of superimposed low circular rings with rubber
spacers, Tne principal stress ratic during such a confined test is
represented by the equations

g
1 1

o. =Ko, or —=s:i— (121)

3 o1l 3 Ko

Ko is the coefficient of earth pressure at rest, which for normal load-

ing of send may be expressed by

K, =1- sin @
A correction diagram should consider the influence of the many factors
diccussed in roregoing sections. Partial interdependence or counter-
sclion of some o these factors should be subjected to additional inves-
tigations. Consideration shouwld alsc be given to subjecting a pressure
cell to a seating pressure eghortly after installaetion, so that the
stress conditions around the cell in the completed structure will
correspond to second or loading cycles.

Measurement of lateral stregses

157. General relations. The principal stresses in an axis;m-~

metrical test specimen are axial stresses, 9, » the radial stresses,
op , and the tangential stresses, Oy - Presgure cells for measuring
these stresses and diegonal st ‘esses, Oq » were installed in each test

specimen of the 1955 test series, Figure 51. 1In thesc tests the latersl
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8tresses are governed by the confining pressure which in turn was caueed
by & vacuum in the pores of the soil. The vecuum was measured Ly an
outside pressure gage, and the lateral pressure cells indicated only
smell differences between the vacuum and the soil pressures, correspond-
ing to the deformation of the soil pressure cells, which were exceedingly
suall, whereas the test specimen underwent appreciable lateral deforma-
tions. The meagured vecuum plus indications of the lateral pressure
cells registered only small over- or under-registration, and the action
of these cells was quite different from that of cells measuring axial
stresses., Furthermore, the cells for measuring radial, tangential, and
diagonal stresses are difficuit to install, and there were more malfunc-
tions of these cells than of ceils for measuring axial stresses. Reli-
able test data for laterel stresses were noi obtained for every test
speclmen. Average lateral stresses determined in the 1955 test series
are summarized in Tables 4 and 6, and typical test date for properly in-
stalled lateral pressure cells are described in the follcwing paregraphs.

158. Radial stresses. Measured radlial stresses during a test

with uniaxial loading of ‘the test specimen in three stages with a vacuum
or confining pressures of 4, 8, and 12 psi are presented in Figure 86,
The measured stresses are shown as a function of the vacuum or ncminal
radial atresses, and they form a nearly straight line indicating a
registration ratio close to 1.00. The influence of axial loads on the
test specimen, corresponding to lateral ioads on the pressure cell, are
indicated by the scuiler ol siress readings for cuach vacuum or confining
pressure in Figure 86 and by the hysteresis diagrams in Figure 87. 1In
the first three test steges the applied axiael load was increased until
the principal stress ratio attained e value of about 3.0; however, in

the fourth and finel cycle of loeding, also at a vacuum of 12 psi, the
applied axiel load was increased to 40 psi, which is close to failure of
the test specimen. In this case the registered radisl stresses in-
creased to 1h.1 pai in spite of the bwlging of the test specimen. This
increase in the measured redial stress probebly reflects local soil fail-
ure at the rim of the pressure cell and a shift of stress concentration

from the rim to the nenter of the cell.
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159. Measured radial stresses for a lcading of the test specimen
vhich maintains a principsl stress ratio of 2.5 are shown in Figure 88.
In this case there is only little difference between the results cbtained
in the first and third loading cycles because the radial stresses pri-
marily are ceused by the confining pressure or the vacuum in the poies of
the test specimen, which is measured by an outside air pressure gage and
not by the soil pressure cell. The diagram for the third cycle is not
straight but has a slight double or S curvature. The registration ratios
for the individual loed increments are shown in the figure and vary be-
tween 0.90 and 1.12, and the average registration ratio is 1.03. A
fourth loading cycle was extended as uniaxial compression for a vacuum
of 12.0 psi, and the registered radial stress rcse to 15.3 psi corre-
sponding to a total registration ratio of 1.53. These numerical results
agree reasonably well with those obtainea for uniaxial stage loading and
are shown in Figure 87, and the final increases in cell registration is |
probably a&lso in this case caused by a shift in load concentration from
the rim to the center of the cell.

160, Tangential stresses. The results of measurements of tan-

gential stresses for uniaxial stage loading of the test specimen are
shown in Figure 89, which is very similar to the diagram in Figure 89
for measured radial stresses, However, the inclination of the diagram
correspondes to an average registration ratio of 0.85 in contrast to
1.00 for a radial stress. The average registration ratio of tangecntial

stresses for all tests is also smaller than the corresponding ratio for

radial stresses, Teble 6, Measured tangential stresses during applied
axial load at each vacuum stage are indicated by the horizontal lines
through observed stresses at the three vacuum stages of 4, 8, and 12 psi.
Further details for plotting diagrams similar to those in Figure 87 are
not available at the time of writing the final draft of the report. The
diagram in Figure 90 is substituted for one corresponding to Figure 89.
This dlagram shows meesurements obtained with a WES pressure cell of
50-psi rated capacity and consicerably more compressible than cells with
100-psi rated capacity. This more compressible pressure cell shows an

average additioral underregistration ratio 0.90 for tangential stresgses,
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the shape or hysteresis of the dlagrams obtained for axial loadings at
the three vacuum stages are nearly identical to those in Figure 87.

After completion of the third loading cycle a fourth loading was per-
formed also at the vacuum or confining pressure of 12 psi and it was
continued to an applied vertical load of 40 psi which is closme to fail-
ure of the test specimen. At this axial pressure the measured tangential
stress is 11.5 psi which corresponds to a registration ratio of 0.96.
This ratio is greater than those obtained at the end of the regular load-
ing cycles, but it is smaller than the corresponding ratio for radisl
stresses, Figure 87.

161. An example of measured tangential stresses during a loading
procedure which meintains a principal stress ratio of 2.9 in the test
specimen is shown in Figure 91. Stress measurements during the third
loading cycle indicate incremental registration ratios which vary from
0.85 to 1.08. The average registration ratio for a complete cycle is
1.02, whereus ithe corresponding ratic in measurement of radial stresses
is 1.05, Figure 88,

162. Summary and comments. The test data presented in the fore-

going parsgraphs are supported by many other tests, as shown in Tables L
and 6. Both the details in Figures 86-91 and the summaries in the tables
show that the measured radial stresses are slightly but also systemat-
ically larger than the measured tangential stresses, although according
to theoretical investigations by Balia (1961) and Brady (1971) the dif-
ference between these stresses should be practically negligible for a
linearly elastic material. It is possible that there is a systematic
difference in the placement and effective preloading of the pressure
cells, but a definite explanation of the difference between measured
raedial and tangential stresses cannot be formulated on basis of aveil-
able data., The measured radial and tangential stiresses ure appreciably
smaller than the measured arial stresses. The most logical explensation
of this difference is that the megnitude of the lateral stresses is
governed by the confining lateral stress or the vacuum which is measured
by an outside pressure gage, and that the radial and tangential pressure

cells are only sublected to very small changes in lcads and deformatiois.
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Furthermore, outside unit loads in the plane of cells measuring axial
stresses are equal to the lateral stresses, whereas one of the stresses
in the plane of cells for measuring lateral stresses is the much larger
axial stress, and this should decrease the measured lateral stresses as
indicated in the theory by Askegaard, bearing in mind that the apparent
Poisson ratio for the medium dense sand in the test specimens is larger
than 0.5, Figure 35b. However, Figures 87 and G0 indicate that the mea-
sured radial and tangential stresses vary relatively littie with changes
in the applied axial load. It should be noted that the registered radial
and tangential stresses increase materially when the stress conditions
in the surrounding sand approach those of failure, as do the registered
axial stresses, but they do not attain a maximum value for the applied
axial loads. The calibration factors for axial stresses should not be
applied in measurement of radial and tangential stresses without modifi-
cation. A correction factor was found theoretically by Bates (1969) for
a8 given set of pa-ameters; but such a factor cannot be determined from
experimental data presented in this report, because of the disturbing
influence of vacuum changes in the pores of the soil. A change in this
vacuum is counteracted by a nearly equal change in effective soil pres-
sure, As a result, that actual change in pressures on and deformations
of ¢ vertical soil pressure cell are very small compared to the changes
in effective lateral soil pressures. Additional tests are needed with
equipment which can produce a change in outside iateral or confining
pressure without a signitricant change in pore pressures of the test
specimen.

Measurement of in-
clined or diagonal stresses

163, Basic relations. Diagonal planes are inclined planes which

form an angle of 45 deg with the axis of the test specimen; normal
stresses on these planes are the diagonal stresses, which are designated
by od . Pressure cells for measuring diagonal stresses were placed in
most of the specimens of the 1955 test series; Figure 51. There are two
conjugate directions of diasgonal planes, forming an angle of 90 deg

with each other, but all pressure cells were placed in the direction
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shown in Figure 51, Templets were used in placing diagonal cells. The
following simple relations exist for axial, radial, and disgonal stresses

or unit loaduy:

1 a o u z
03 = -u =0, =0

-1 =31 y 2
o4 = 5 (al + 03) =3 (oa +to)) (122)

The principal stresses are ol and 03 which in this case are esqual to
the axial and redial stresses, o, and o . The pore pressure (vacuum)
is -u and the curresponding compressive stress is o, = -u . The unit
load from deadweight at the elevation of the nell is 9, » and the unit
load applied to the top cap of the specimen is o, - Equation 122 is
first used to compute the unit load on diagonal planes, but all the
equations should also apply to the measured stresses as discussed in a
subsequent paragraph.

164, JFxumple of test data. <Corresponding measured stresses end

strains for diagonal plenes are shown in Figure 92. The normal diagonal
stresses were computed by Equation 122 and the corresponding diagonal

strains by

€a = %’(el + 63) (123)
or from the measured total axial and lateral deformations. The diagram
in Figure 92 for the last normal load cycle shows that the rate of
strain decreases when the stress conditions in the specimen approach
those of failure and that the axial strain finally becomes negative ccr-
responding to dilation of the test specimen at failure. This corresponds
to the large values of the Foisson ratio obtained from the total axial
and lateral deformations, summarized in Tables 2 and 5, and in Figure 6k,
16Y. A soil-cell stress plot for disgonul siresses and uniaxial

stage loading of the test specimen is shown in Figure 93. These diagrams

2h.
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are fiirly straight in comparison with similar diagrams for arvial
~tresses and uniaxial loeding, Figure 93. There is a distinct break in
the curve &t the end of cyclic testing and continuation of the axial
loading for a vacuum of 12 psi, but stress and strain relations durirng
the final loeding are relstively irregular. Incremental registration
ratios corresponding to these stress-strain diagrams are shown in Fig-
ure 94, The incremental registration ratios increase quite regularly
during the cyclic loading, but this Increase is more rapid and irregu-
lar during the final loading, and the ratio does not seem to attain a
finite maximum vaiue before completion of the test, as observed in mea-
surement of axial stresses, Figure 63. This result agrees with data
obtained for radial and tangential stresses,

166. Compatibility of measured stresses. Equation 122 for deter-

mination of applied diagonal unit loads should also he valid for mea-
sured diagonal stresses. Using the notation for measured stresses,

Zguetion 122 beccmes,
g .==(c +0 ) (124a)

or solved fo o]
' r ca

Opg = 20,4 = %p (124p)
In Teble 4 velues of O, ©F the right side of Equation 124bL, are com-
pared to applied axial unit loads for average cyclic loads and the final
unit loads, and the ratios Ucaloa are alsc shown in the table. It is
seen that vnlues of 9g deternined from measured values of Ocd and
ocp , are larger than the applied axial unit load, which is reascnable

sirce the overregistration or error in o is greater than in o

cd cp
The table reflects average vajues obtalned by replacing slightly curved
diagrams with straight lines.

Tepts with WES soil pres-
sure cell within an inactive rim

167. "Tests performed. Oeveral soil pressure cells with an
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inactive rim and an exposed measuring diaphragm are described in the
firsgt part of this report, but test deta for these pressure cells cannot
be compared directly with data for a WES soil pressure cell having a
Tull active face and an interior measuring diaphregm. In order to ob-
tain comparable data for determination of the influence of an inactive
rim, & standard WES 100-psi cell was placed inside a rim with a radial
width of 3.0 in., as shown in Figure 97. The rim consisted of upper and
lower halves and a central washer. Use of the steel washer in some
tests and the rubber washer in other tests was expected to yield data
for estimating the influence of compressibility of the inactive rim.

The cell-rim assembly was placed at midheight in a test gspecimen and
subjected to uniaxial loading with a vacuum and corresponding confining
pressure of 13.26 psi. Initielly, three cyclic tests were made to &
naximum axial applied load of 30 psi, corresponding to & maximum princi-
pal stress ratio 01/03 = 3,5 . This initial cyclic loading was followed
by two to three tests to a maximum applied axial load of 40 psi, corres-~
ponding to ol/o3 = 4,2 . The tests were made using test specimens

Nos, 39-46 of dense sand with a unit weight of 110 pcf. These tests
were performed between the main test series of 1954 and 1955.

168, Test results. Exampies of soil-cell stress diagrams are

shown in Figure 9%a for tests with a steel washer in the inactive rim
and in Figure 95b for tests with a rubber washer in the rim. Only one

-r =1 -

e | - - 2 _ — P —— 0o - — = P - U -~ —-a 2 D -l o~ T - D
402U CYCLIT U41b DHUWIL 10Ul° Calll VUl L4AT adlauu ap/pllicu aAldal svaud vl

30
and L0 psi. The soil-cell stress diagrams are fairly straight up to an
applied axial load of 30 psi, but a sharp break in the diagrams occurs
when the applied load exceeds 30 psi, It is noted that the slopes of
the diagrams for the fourth cycle are steeper than those for the first
cycle, which corresponds to & decreaese in the registration ratic, as
also shown by the diagrams for incrementael registration ratios in Fig-
ure 96. However, there 1s a great incrcase in the incremental registra-
tion ratio when the applied axial load exceeds 30 psi or when *he prin-
cipal strets ratio in the surrounding soil approaches that correspond-
ing to fallure. This increase in registration ratioc is probably caused

by a trunsfer of load and stress concentration {rom the rim to the center
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of the cell-rim assembly. These test results are in agreement with an
additional proof of the thesis by Terzaghi (1943) concerning changes in
stress distribution below a rigid plate when the load creates stress
conditions approaching those of soil failure, see Figure 8.

169. Results corresponding to the fourth cycle of all tests are
summarized in Figure 97, There is considerable scatter of the test date,
but the average registration ratios for 01/03 less than 3.5 are much
smaller than those obtained with WES pressure cells without an inactive
rim. Registration ratios for a rubber washer in the rim are slightly
larger than those obtained with a steecl washer in the rim, but this
relationship is reversed for the larger registration ratios obteined for
ol/a3 greater than 3.5. These maximum registration ratios are also
smaller than corresponding ratios for cells without inactive rims. How-
ever, it is possible that the maximum registration ratios for a cell-rim
assembly, although quite irregular, may continue to increase for applied
axial loads greater ihan 40 psi, and coriresponding greater principal
stress ratios, because the unit weight and strength of the test specimens
used in these tests were somewhat larger than the average unit weight
and strength of the test specimens in the main test series of 1955.

170. Comments on the influence of an inactive rim, Peattie and

Sparrow (1954) and others have shown then an inactive rim may decrease
the overregistration of a rigid soil pressure cell. This conclusion

is verified by the above mentioned test date for a standard WES soil
pressure cell placed inside an inactive rim, However, the test data
alsc indicate that the initial advantage of an inactive rim is decreased
and maey disappear when stress conditions in the surrounding soil ap-
proach those of failure, because failure conditions cause a shift of
stress concentrations from the edge to the central part of the cell-rim
assembly., The reletive compressibility of the inactive rim should have

some influence on the magnitude and location of the stress concentration,

and thereby the errors in the cell registration, but differences between

results obtained with steel washers and rubber washers are too small and

varied to enable formulation of reliable numerical conclusions., It is

also possible that a bevelled or tapered shape of the rim will reduce
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stress concentrution and possible errors in stress registration by a
pressure cell. A tapered edge has been used by Bates, Figure 1ll, and
Cerlson has proposed a semicircular shape of the outer edge in a recently
revised design of his stress meter,

1T1. A WES-type pressure cell plus an inactive rim requires move-
ment between the face plate of the cell and the inactive rim. Such move-
ment may in time be impeded by entrance of foreign material and develop-
ment of friction and adhesion. Most of the currently used preasure
cells with inactive rims avoid this potential difficulty and achieve a
much simpler design by use of one or two exposed measuring diaphragms,
Figures 2, 9, 11, 12. The registration of such a fixed diaphregm is
very sensitive to nonuniformity of the load and it may be damaged by
stones in the soil or proximity of rock. Heavy face plates or diaphragms
decrease this danger as well as sensitivity of the cell to changes in
the ratio of moduli of cell and soil or rock. A heavy diaphragm may not
yield adequate resolution of stresses unless resistivity strain gages
are repleced by far more sensitive solid-state strain gages. The latter
are satisfactory for cells used in laboratory experiments but are not
yet considered to be sufficiently stable for field investigations under

adverse conditions and of long duration.




PAKY IV: SUMMARY AND CONCLUSIONS

General Data

172. The report contains a veview of the principal types of soil
pressure cells, a summary of various hypotheses proposed for soil-cell
interaction, and a long delayed account of experiments with soil pres-
sure cells performed by the WES in 1954-55.

173. The soil is usually assumed to be a uniform, elastic mate-
rial, whereas it is imperfectly elastic and subject to irregular changes
in its properties. It has nonlinear stress-strain relations, including
hysteresis and residual stresses and strains. It may exhibit volume
changes and apparent values of the Poisson ratio which are incompatible
with the formal theory of elasticity, and it is a two- or three-phase
system of solids, liquids, and gases.

174, The principal types of soil pressure cells are (a) rela-
tively large and very thin pressure pads with a special control valve,
Figure 10, (b) cells with fully active face plates, a transfer liquid,
and en interior measuring diaphragm, Figures 3 and U4, and.{c) cells iith
an inactive rim and exposed meeswuring diaphragms on one or both faces,
Figures 9, 11, 12,

175. The acticn of a cell may be expressed by the registration
ratio or ratio between the registered stress change and the actual
change in £icld stresses. The total registration ratio, UC/OS , refers
to the total stress changes in a loading cycle, and the incremental
registration ratic, Acc/Aos » refers to changes caused by a single load
increment. The error in cell registration is the difference
o, =0, - 3, , and the error ratio is oe/os .

176. Pressure cells are inclusions in the soil end charge the
stress c¢onditions in the soil in the vicinity of the ceil. The cell ac~
tually measures the inclusion stresses normal to the fuce oi the cell.
These stresses are irfluenced by lateral soil stresses ard the Poisson
ratio, whereas latgral or radial stresses on the cell itself has no

significant influence on the cell registration.
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177. It has long since been established experimentally that the
registration error or error ratio of a soil pressure cell decreases with
decreasing thickness-diameter ratio of the cell, h/D ; Benkelman and
Lancaster (1940), Waterways Experiment Station (194i4). However, solu-
tions for pressure cells embedded flush with a rigid boundary have been
obtained by means of the tasic relations of the theory of elasticity,
and the results can be expressed approximately by the equations in Fig-
ures 34c and d. Theories show that a pressure cell placed just in con=-
tact with a rigid boundary acts as a cell of twice the thickness in a
free field, whereas a cell embedded flush with & rigid boundary always
underregisters. For a cell stiffer than the soil there should be a

partial embedment at which the registration error is zero, Figures 21-2k.

Hypotheses for So:'--Cell Interaction

178. One of the earliest and simplest hypotheses for soil-cell
interaction may be called the indentation anelogy. It consists of esti-
mating the difference in deformations of the cell and a soil layer of
equal thickness, and comparing this difference with the force on and
indentation of a rigid plate of the same diameter, at the soil surface.
Estimating this indentation involves use of the Prandtl or equivalent
equations by Boussinesq. The indentation analogy method yields rea-
sonable explanations of the actions of a pressure cell, but the numer-
ical results may be in error to a considerable extent, primarily because
the Boussinesq equations apply only to forces at the s¢il surface,
whereas the Mindlin equations should be used for forces inside a soil
mass, Figure 26. Examples of applications of the indentation analogy to
a pressura cell in a free field are shown in Figures 15 and 16.

179. Application of the indentation analogy method to a pressure
cell at or in a rigid boundary may cause numerical errors which are
greater than for a cell in a free field.

180. ©Solutions for the socil-cell interaction by use of incremen-
tal annular elements were developed by Carlson (1935, 1939) and Monfore

(1950), who solved the resulting simultaneous equations by iteration
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metnods., Numerical solutions may be obtained more efficiently by com-
puters end finite element methods, Bates (1969) and Figures 38-L0. These
methods yield numerical soluuvions for specific soil types and cells, but
the results should not be generalized without additionel investigations.

181. The registration of a soil pressure cell depenrnds on the
magnitude of inclusion stresses normal to the fece of the cell, but
these stresses are in part a fuuction of the lateral soil stresses and
the value of the Poisson ratio. Using basic equaticas by Eshelby (1957),
Askegaard (1963) obtained semiclosed solutions for inclusion stresses
at a rigid ellipsoidal body, which are represented grsphically in Fig-
ure 35. Tre diagrams show the influence of lateral stresses and the
Poisson ratio on the inclvsion stresses and cell registration which will
be discussed again in the paragraphs on calibration.

182. FPressure cells with an inactive rim combine problems of a
cell in a free field and a cell in & rigid boundary for which a computer
solution has been obtained by Tory and Sparrow (1967). Numerical solu-
tions for specific cells and soilss are shown graphically in Figure 37.
This form of pressure cell is advantageous for many stress conaitions.

183. f1he influence of shallow embedment of a pressure cell may
be estimated by comparison with the cest dnta for circular trapdoors
by McNulty (1965), Figures 28-32. Approximate deta may also be obtained
by use of the approximate trapdoor theories by Terzaghi (1936, 1943)
and by Mason (1965).

WES Experimental Data of 1954-55

184, The te3ts were performed in 1954-55 using a large vacuum-
type tiiaxial device, Figures U6 and 47, and with WES pressure cells in
test specimens of medium dense sand. The soil of the test specimens had
expansive characteristics and epparent Poisson ratios greater than 0.50,
which combined with variations of the vecuum in the soil pores limits
the applicability or generalization of the test data.

185. The principal objective of the WES 1954 test series was

to determine the axiual strcss distribution in a test specimen with




restrained ends. The pressure cells were placed as shown in Figure 5a,

and they were not subjected Lo a seating load. The scattering iu the
test data was large, but the data show definitely that the minimum
stress at the ends occurs in the center of the test specimen, whereas
the maximum stress at midheight of the specimen occurs in the center.
Thic egrees with theories proposed by Filon, Balla, Brady, and others.

186. The main objective of the 1955 test series was to investi-
gate the cell action under various types of loading. Tae cells wvere
placed at helf radius a little above and below midheight of the test
specimen, Figure Zv. The cells were subjected to a seating pressure of
13.26 psi, before the forming Jacket was removed and the actual tests
were started.

187.

stage loading; that is, the vacuum or confining pressure was constant

The first cell action tests were conducted with uniaxial

during a particular test, but it was increased in successive stages from

b to 8 and 12 psi.

where changes of total and incremental registration ratios are given as

An example of the test data is shown in Figure 68,

a function of the principal stress ratio. The rate of changes in the

vegistration ratio increeses with increasing principal stress ratio but

this chenge is small at the start of the test and may then be attributed

to changes in the modulus of deformation of the soil.
close to failure of soil cannot be explained in this manner, and it is
likely that they represent changes in stresg distribution or a shift in
stress concentration from the periphery to the center of the pressure
cell, similar to that for rigid circular loading plates, as observed by
Terzeghi and othere, Figure 8.

oy
viuic

failure of 5011 occurs.
tivity ot the WES cell deccreases to some extent from the center to the
periphery.

188.
maintained at consteat value during loading in a particular tests, but

After reaching the limit

In a second series of tests the principal stress ratio was

‘t was varied for the different test series.
~responding to the maxiaum possible vacuum, the test was continued as
a uniaxial test with the equivalent confining pressure. Typlical tue:

256

s G

P SR

The rapid changes

This shift is reversed immediately after

. . . N " L v""-~.'—~' 1,' ‘,:;‘;.’-
T, ZRN SN SNCTRICRP I, LRI PRCR AT 1= 3L IS IRes ¢

-

s M D T s

s pdeinthy

-

WP Y RN S WA 0

.
AN

4 SO,

oA R . SRBA




TN R VY VAT YTRN TG TR SRR RS T ARy TR VW RS e WA S T fa el

data are shovn in Figures T1-85, which show that the registration ratio
is more sharply defined in these teste than in uniaxial tests; and they
are also in better agreement with stress conditions encountered in the
field. Results yielded by the two types of loading are compared in Fig~
ure 85a and b. For values of ol/o3 cloge to those of fallure of the
s0il, uniaxial loeding yields a large and rapid increase of the incremen-
tal regisiration ratio because of a probable shift in stress concentra-
tion, as previously mentioned. For smaller and usual values of the
principal stress ratio, loading with maintenance of this ratio yields
larger values of the registration ratio than those obtained by uniaxial
loeding, which probably reflects the influence of larger lateral stresses
on the inclueion effect of the cell, but the influence of changes in the
vacuum should also be considered because they cause chenges in deforma-~
tions of the soil without corresponding deformations of the pressure
cell.

189. Examples of the measurement of lateral, or radial and tengen-
tial, stresses in the soil are shown in Figures 80~91 and in Tables L
and 6. The corresponding registration ratios very from sligntly below
to slightly above 1.00 and are always emaller than those for correspond-
ing axial stressecs. The lateral stresses are produced by changes in
vacuum or pore pressure, which is measured by an outside manometer and
causes very little deformation of the pressure cell. Reliable data on
the inclusion effect of a pressure cell placed on edge, or the shape
factor of & cell so placed, are not yet available. 1t is difficult to
estimate the reliability of measurements of lateral stresses until addi-
tional tests are made in which & partial vocuum in the soil pores is
replaced with a positive outside confining pressure on the test
specimen.

190. An example of the results of measurement of diagonal or in-~
clined stresses is shown in Figures 92-94, The measurements are com-
patible with those of exial and lateral stresses, but since the diagonal
stresses are a simple function of the axial and lateral stresses, these
measurements do not provide a resl check on the measured diagonal

stresses. The remarks on measurement of lateral stresses in the
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foregoing paragraph apply also the measurement of diasgonel stresses.
191. In a few cases, stresses were measured by uniaxial loading of

a WES pressure cell surrounded by g 3-in., wide inactive rim as shown in
Figure 95. The compressibility of the inactive rim could be changed by
annular steel or rubber inserts. The registration ratics obtained for
normal values of ol/o3 varied considerably, but the average was close
to 1.00; however, when the tests were continued and approached failure
of the test specimen, the registration ratios increased similarly to
those shewn in Figures 68 and 85. These tests furnish an illustration
of the advantages of the principle of an inactive rim, and they support
the assumption that the rapid rise of registration ratios in Figures 68

and 85 are caused by a shift in stress concentrations on the cell.

Principal Pressure Cell Parameters and Degign Data

192. It has long been known that the inclusion effect or error in

pressure cell registration is nearly proportional to the thickness-
diameter ratio of the cell, h/D, Benkelman end Lancaster (1940), Water-
ways Experiment Station (194L). It is often stated that the value of
h/D c.ould not exceed 1/6 to 1/5, but it appears that the ratio h/D
should preferably be much smaller.

193. It has also been known that the error in cell registration
of axial stresses in the test specimen increases but approaches a limit-
ing velue with increasing modular cell-soil ratio, MC/Ms , Figure 15.
The correction factor becomes nearly constunt when the modular ratio is
greater than about four or five; that is, the factor does not increase f
appreciably with further increases of M'C/MS .

194, 1The error in cell registration aleo increases with increas-
ing principal stress ratio for cohesionless soils, Figure 85, but the
cell registration increa. es rapidly followed by en equally rapid de-
crease, 50 that the cell registrations become unreliable, when the stress A
conditions in the soil at the cell approaches those of failure.

195. The Poisson ratio of the soll greatly influences the in-

clusion effect of the lateral stresses which 1 turn governs the cell
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registration of axial stresses, Figure 35. Furthermore, solls may
undergo volume changes and exhibit apparent Poisson ratios which are
incompatible with the formal theory of elasticity. Better estimates
of sojl-cell interection can undoubtedly be made by developing and using
improved constituent equations for stresses and straitis in solls.

196. The shape of the usual soil pressure cell is & right cylin-
drical disc with sharp edges, which increases stress irregularities and
stress concentration at the periphery of tiue cell. Attcmpts have

recently beer made to aecrease such stress concentrations by bevelling
or rounding the outer edge of the cell. Adequate analytical and experi-
mental data on the infiuence of the shape of a soil pressure cell and
the direction c¢f the principal soil stresses are rot yet available.

197. The WES (16LL) has suggested that a meximum permissible de-
flection of a soil pressure cell with fully active face plates should be
less than 1/2000 of the diameter. The suggestion cannot be applied
directly to a pressure cell with an inactive rim end ar exposed, fixed
measuring diaphragm. Preliminary date for the permissible deflection of
such diaphragms may be made by use of the theories by Gravesen (1959)
and Askegaard {1961), or by substituting the average diameter of the mea-
suring diaphragm and its average deflection in the above mentioned rule,
but the problem deserves further theoretical and experimental investiga-
tions. However, the defliection of a disphragm becomes less important
when the diaphragmes are provided with very sensitive strain gages for a
required resolution of the stresses. which permits use of relatively

thick diaphragms with corresponding small deflections.

Types of Cells, Sensors, and Soils

198. The principal types of scil pressure cells are reviewed in
the first part of the report, but only three types are mentioned in
this summary. The original German pressure pad is used agein after
introductiocn of the check valve by Gldtzl, Figure 10, waich permits mea-
surement of the pressure in the licuid between the face plates with a

very smell movement of the liquid. Special sensors are not needed. The

259




cell is fairly large, appears to be stuble, and is suited for measurement
of earth pressures in large earth structures. Detailed data on the in-
fluence of stones in the s0il and irregular stress distribution are not
yet available.

199, Of the many deeigns proposed for common use, & pressure cell
with an inactive rim is currently the most promising one. The cell may
have two exposed measuring diaphragme for cells in a free field, Fig-
ure 9, but one diephragm is sufficient for cells embedded in a rigid
boundary material. The stresses are actually obtained by correlation
with strains in the diephragm, determined by strain gages or sensors.
The diaphragms should be as thick as possible to provide resistance to
stones and other irregularities but also consistent with the sensors used
and the required resolution of stresses.

200. A recent and ncovel design of & s0il pregsure cell is shown
in Figure 11. The cell hae an inactive rim, and the space between the
cover plates 15 filled with a liquid. The pressure in the liquid is
neasured by a special, miniature, solid-state liquid pressure gege. It
is possible thet the cell requires cover plates which are too thin to
prevent damege by stones in the soil.

20l. The strain gages used in early pressure cells were vibrating
wires or mechanically attached resisgtivity wires; the former were pri-
marily used in BEurope and the latter in ithe United States. 1In later
years mechanically attached wires are often replaced with resistivity
foils, bonded tc the diaphragms with epoxy cements, which appcer to func-
tion satisfactorily. In recent years conventional resistivity foils have
for some purposes been veplaced with solid-state resistivity foils, pri-
rarily in the United States, which have more then fifty times greater
sensitivity than the ordinary resistivity foils and cen be used for both
gtatic and dynemic measurements, replacing the large pilezoelectric
crystal placed between thin cover plates of a cell but were nct suitaeble
for static stress measurements. However, the long-term stability of
sovlid-state foils has not yet been demonstrated satisfactorily, and this
type of gage is primarily used for short-term experiments, but rapid

improvements are being made in the manufacture of solid-state gages.
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202, The soil-cell interaction depends on the properties of both

soil and cell. Preliminary experiments by Peattie and Sparrow (1954)

indicate that the principal deviation is exhibited by dense cohesionless
materials, Figure 27a, and the materials used in the WES ~xperiments of
195k-55 fall in this category. Tests have not yet been mude in strongly
overconsolidated and undisturbed cohesive scils. Additional experiments

are needed,.

Calibration of Soill Pressgure Cells

202. The over- or under-registration of a soil pressure cell is
equivalent to or a function »f the inclusion effect. As shown by
Askegeard, Figure 35, the inclusion effect depends not only on the axial
or vertical stresses in a free field but also on the lateral stresses in
the so0il and its Poisson ratio and on the configuration of the cell.
Furthermcore, the total registered stress may be changed by the pressure
of air and/or water in the pores of the soil., Therefore, the calibra-
tion factor is not a constant for a given pressure cell, However, as
shown in Figure 35, the inciusion effect is small for some combined
values of the Poisson ratio and the thickness-diameter ratio.

204k, The commonly used methods for cealibration of soil pressure
cells are direct loading, axial hydraulic, or pneumatic loading by equip-
ment similar to that shown in Figure 5a. The calibration factors thus

......................................... lects the influcnce
and the direction of the stresses, the Poisson ratio, aud the pore pres-
sures. Therefore, the usual calibration tests should be supplemented by
the following tests in order to determine the correction coefficients,
but it is possible that these tests need only be performed for each type
of cell and soil, general stress condition, and Poisson ratio.

205. First, the calibration factor should be determined for hydro-
static water or air pressure and be compared with the factors for equip-
ment commonly used for measurerent of pore pressures. Secondly, the cell
should alsc be calibreted when embedded in soil and subjected to all the

inclusion stresses and for both horizontal and verticul positions of the
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cell. It would be desirable to perform such tests in a large triaxial
device with positive confining pressure. However, it may be adequate to
make the tests under confined consolidation in a stacked ring device,
Figure 5b, since similar stress conditions are copmonly encountc.ed in
the field.

206, Currently, the results of static calibrations are also being
used in evaluation of measurements of dynamic stresses. Fully satisfac~
tory methods for dynamic calibration have not yet been developed or pub-
lished. It may be difficult to differentiate between dynemic stresses
in solide and pore fluids, since the measurements mey be subjJect to a
time leg, depending on permeability of the soil.

207. Influence of varastions in numerical values of the Poisson
ratio should be taken into consideration when generalizing the results

of experiments or theoretical investigations.

Installation of Soil Pressure Cells

208. The first requirement for installation of a soil pressure
cell is preparation of a plane contact or seating surface, ©OStones should
be removed and a thin layer of fine sand may be used to obtein a smooth
surface, but the thickness of such a sand layer should not be large
enough to cause appreciable pocket action in the soil around the cell.
According to Hadala (1967), cells should be placed at au interim surface
ol compacied, cohesionless s0lis, bul cellis in cOhesive 50118 Hiuid
preferably be placed in a shallow excavation of the same diemeter as the
cell. Backfill soil should be carefully placed, tamped, or compacted
around and over the cell.

209. It is suggested that a seating pressure be applied when the
cover attains a thickness sufficient to protect “he cell against demage.
A seating pressure of 13.26 psi was applied in the WES tests of 1955
before removal of the forming jacket and starting the actual tests. The
scatter in the test data was much smaller than in the tests of 195k.

The minimum or optimum seating pressure hag not y=t been determined.

210. The curvature of the stress-strein diagram for a first
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loading cycle and corresponding changes in the soil modulus also cause
considerable variastions in the cell registration., More uniform and con-
sistent results would te obtained if the cell and surrounding soil were
preloaded so that conditions during the actual ueasurements correspond
to ¢yclic loading. Such preloading may be difficult to achieve in the
field, bul it deserves consideration and investigation.

211, Vertically placed pressure cells for measurement of lateral
stresses should also be installed to obtain esgential data on the stress
conditions and, when required, to determine correction coefficients to
the general calibration factors. Seating pressures and prelcading are
difficult to apply to vertical cells, and systems of diametricalily
placed loads may be used to avcid lateral displacements of the pressure
cells during seating and preloading.

212. The foregoing paragraphs apply also, with minor modifica-
tions, t0 pressure cells installed at or in a rigid boundary. Special

difficuliies are encuuntered wiien installing pressure cells in undis-
turbed soil; it is very difficult to avoid some disturberce of the soil

and some pocket action in the backrill.

Operating Procedures

213. Evaluation of the registration of a soil pressure cell is
made by use of the c¢ffective calibration factors, arter correction for
the influence of pore pressures, which must be known, reliably estimated,
or determined separately. The registration of a soil pressure cell re-
flects its reaction to the total inclusion stresses, including the pore ’
pressuree. The modification coefficients are functions of the soil
properties, the stress conditions, the design of the cell, and its
orientation. All these perameters should be carefully considered in the
evaeluation of the total registrations of the cells.

214, Soil stresses and pore pressure in the field may be subject
to cyclic variations, which may cause zero shifis of the pressure cells h

and some changes in the effective calibration ractors, Attempts should o
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be made to determine all these changes, by use of the cyclic stress-
strain dlagrams for the soil.

215. Attention is again called to the possibility that differ-
ences between siresses based on laboratory and field experiments in many
cases are not caused by errors in the actions of the pressure cells but
on difficulties reproducing actual field conditicas in the laboratory,
where ertificial boundary conditions or restrictions often must be in-
troduced. These remarks also apply to many other laboratory soil

investigations.
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PART V: SUGGESTIONS FOR ADDITIONAL INVESTIGATIONS

216. Further develcpment of soil pressure cells is possible and
needed and scme specific investigations are enumerated in the following
paragraphs, Advantage should be taken of all published data, Lu% repe-
titions of experiments should be avoided except for the purpose of

clarification or checking. The suggestions do not cover all needed
investigations,

First Priority

Review papers on s0il pressure cells published after
January 1971.

Make desireble additiosns to this report.

Investigete variations in sensitivity with distance from
center of the WES soil pressure cell. Use multiple
point loads or annular loads.

Theoretical Investigations

Finite element analysis ol uniform inclusion. Disc
shape, uniaxial loading, horizontal, and vertical
orientation of disc.

Finite element analysis of WES soil pressure cell, dif-
ferent axial and lateral moduli, uniaxial and triaxisl
ioading, horizontal and vertical orientation of cell,
Poisson ratio 0.1, 0.3, 0.49.

Optimum shape of cell. Constant diaphragm diameter,
pius variable inactive rim. Various thickness-diameter
ratios.

Relation between cell error and thickness-diameter ratio

for vertical cell, uniaxial loading, various Poisson
ratios of the soil.

Analysis ot cell with optimum form, close to, resting on,
straddling, or embedded in rigid boundary material.

Influence of distance to free boundary.

Influence of changes in pressure of air or liquid in
soil pores.

Influence of creep and extreneous volume changes

Influence or limits of approximations for nonlinear
stress~-gtrain relations of the soil.

Assemble results of foregoing parasgraphs into simplified
rules.
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Tegting Equipment
Develop auxiliary equipment for the stacked-ring device.

Develop and build large triaxial testing device with
positive or external confining pressure.

Develop special equipment for testing pressure cells at
i a rigid boundary.

Develop special equipment for field investigaticns.

Installation of Pressure Cells

Compare irregularities in first and second loading
cycles in the 195L-55 test series.

Optimum seating pressure for horizontal pressure cells.

Optimum seating pressure for vertical soil pressure
cells.

Maximum thickness of uniform gand layer for direct
seating.

Field procedures and limitations.

! Experimental I :vestigations for Free Field Conditions

High pressure tests in the stacked ring device.
High pressure tests in large triaxial device.
Comparison with test data in vacuum-type triaxiel device.

Tests for optimum shape of cell; constant central part
plus variable inactive rim of bevelled and rounded or
ellipsoidal shape.

Relation of error to thickness-diameter ratio for verti-
cal cell.

Influence of depth below free boundary.

Experiments with Pressure Cells at Rigid Boundary

Influence of distance from rigid boundary, vertically
and leterally. vertical and horizontal cells.

Cells resting on rigid boundary.

Cells straddling rigid boundary.
Cells embedded flush in rigid boundary material.
Influence of Soil Types on Cell Action

Medium loose sand.

Medium dense sand.
' Sand with gravel and stones.
' Normally consolidated soft clay.
i 266
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Influence of Soil Types on Cell Action (Continued)

Overconsolidated firm or stiff clay.
Swelling soils,
Soft shales.
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1. The notation used in this report is a compromise between that
recommended by the International Society for Soil Mechaitics and Founda-
tion Engineering and the notations used in the initiel investigetions by
the Waterways Experiment Station and in the various publications reviewed

and quoted in this report,
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APPENDIX A: NOTATION

Area

Total thickness of pressure cell

Total thickness of soil pockezt around cell

Total thickness of weak soil cover for cell
Conesion or adhesion of soil

Coefticient for plate sinkage, general, Equation 12
Cell action factor or correction coefficient

Da = diameter of active diaphragm

D _ameter of pressure cell or rigid inclusion

Active diameter of pressure cell l
inside diesmeter ot inactive rim
Outside diameter of inactive rim
Elastic modulus of cell material

Friction force

Calibration factor for seil or direct loading of cell
Calibration factor for hydrostatic loading of cell
Rigidity modulus of cell material, Gc = Ec/2(l + V)
Thickne: ; of ellipsoidal inclusion, Figure 3Za

Depth of burial or soil cover for cell

Enmbedment of cell in wall or slab

Protrusion of cell from wall or nlab, Hr + Hs 2B

i

Ratio of lateral to vertical earth pressures
Coefficient-Boussinesq equations
Coefficient-Mindlin equations

Coefficient of earth pressure at rest

$oil indentation retio, K = Ns/Ms
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Deformation modulus of cell for soil loading
Deviator deformation modulus of soil, Md = sl/(ol - 03)

Equivalent deformation modulus

Deformation modulus of so0il pocket
Deformation modulus of the more rigid soil at interface

Deformation modulus of soil, general, Poisson ratio
considered

Equivalent medulus nonlinear relations
Deformation modulus of cell for hydrostatic loading

Deformation modulus of soil in more compressible or weak
cover

Z/D = depth ratio

Indentation relations for the more rigid soil at
interface

Soil indentation coefficient in general

Unit pressure, soil or liquid

Liquid pressure in cavity for uniaxial lcading of soil
Unit soil louad measured

Applied uniaxial soil load, unit load

Liquid pressure in cavity for trisxial loading of soil
Total effective load or force

Total effective soil load on cell or cavity of cell
Maximum total force

Unit load on soil surface

Unit axial load

Unit radial load

Point load or totai load

Redius of cell or cavity, 2R =D , also ratio or
coefficient

Moduler ratio cell to soil, Rc = MC/Ms
MS/Mr , Equation 55

Linear coefficient for shrinkage or swelling

Moduiar ratio soil to soil, Rs

Total zhear force
Thicxkness of diaphragm

Temparalure change
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Unit pressure of water or air in soll pores
Volume or volume change

Weight or force

Critical depth or cover; limit of influence-
Coordinates

Coefficient of thermal expansion of prescure cell
Coefficient of thermal expansion of soil

Unit weight

Deformation or deflection; in coordinate direction
dx,éy,dz

Average deiformaticn, deflection, or depth
Deformation of pressure cell

Cell deformation for extraneous soil strain €

Differential deformation or indentation by cell,
§ =8 -6
e S c
Maximum deformation or depth
Deformation of soil pocket
Deformation of more rigid soil layer at interface
Deformation of soil, general or weak layer at interface
Extraneous deformation of soil, Equation 6k

Indicates incremental change in loads, stresses,
deformations

Strain general; coordinate directions Ex’Ey’ez

Strain in pressure cell, generally average axial strain
Strain in soil, generally average axial strain
Extraneous soil strain, Equation 64

Residual soil strain

Coefficient of friction in soil, u = tan @
Poisson ratio, generally for soil

Normal stress; in coordinate directions ox,o

v
Normal stress measured by pressure cell, genersl

sC_
Lo

Axial stress indicated by cell
Diagonal stress indicated by cell

Cell indication for extraneous soil strain Ese
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Total stress indicated by cell, Oet © % ¥ “ry

o] Pore pressure indicated by cell, o =y
cu cu

Radial stress indicated by cell

c
oc; Tangential stress indicated by cell
oe Error in pressure cell registration oe = oc - 93
oe/os Error ratio or relative error (oe/os) = (sc/cs) - 31
Op Pressure on face of cell
oi Normal stress in rigid inclusion
Uo Normal cell stress from dead load
cr Normal residual cell stress
os Normal stress in soil, general
osc Soil stress equivalent to extraneous soil strein
ose Soil stress equivalent to extraneous soil strain Ese
g -u = soil stress corresponding to xl
Ow Normal average stress in weak soil cover for cell
Oxi’oyi’ozi Normal stresses in rigid inclusion
xs’oys’ozs Normal stresses in basic soil matrix
ozh Stress by Boussinesq equations
Zi-A Axial normal stress in rigid inclusion, uniaxial loading
21T Axial normal stress in rigid inclusion, triaxial loading
S.m Stress by Mindlin equations
01,02,03 Principal stresses
T Shear stress, general
Ta Cohesion component of soil strength
Tf Failure shear strength of soil
Tr Shear stress in horizontal and vertical planes
r¢ Friction component of shear strength
] Angle of internal friction of soil at peak strength
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